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Abstract

Steeper and deeper plant root system architecture is predicted to increase uptake
of water and nitrogen soil resources, in addition to improving drought avoidance
and carbon sequestration. Soil resource uptake is a major root system function
determined by the spatial arrangement of roots. Gravitropism describes plant
growth in response to gravity and root gravitropic responses strongly influence
root system architecture development. The goal of this work was to investigate
mechanisms and genes underlying cereal root system architecture for achieving
steeper and deeper rooting. This work investigated phenotyping methods and the
variation in root system architecture in wheat varieties and landraces, and
gravitropic setpoint angle maintenance in wheat and rice lateral roots. Auxin plays
a central role in gravitropism and the absence of an auxin reporter in wheat

initiated the development of a wheat DII-VENUS auxin reporter.

Root gravitropic mechanisms and genes have been extensively studied in many
plant species but limited research has been translated into wheat. The LAZY
gene family have important functions in regulating root and shoot growth angles.
Nine wheat LAZY homoeologs have been discovered, now named the LAZY1,
DRO1 and qSOR1 A, B and D homoeologs. Extended domain Il (D3X) was
characterised in wheat, as D3X is an important LAZY domain for Arabidopsis
lateral root growth angle control, with D3X mutations inducing a steeper lateral
root phenotype. Extended domain Il mutations in D3X-containing wheat LAZY
genes were introduced via transformation or in a TILLING background. These
wheat mutants had steeper seminal roots, suggesting wheat lateral root growth
angle may be controlled by a different mechanism. These findings have important
implications for utilising the LAZY gene family in crop root system architecture
modification. Overall, this work addressed gaps in the understanding of cereal
root growth angle control and made new discoveries in the functions of the wheat
LAZY gene family, contributing towards achieving steeper and deeper root

system architecture for crop yield improvement in a changing climate.
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Chapter 1: General Introduction

1.1 Increasing crop yields

Increasing food production whilst reducing intensive fertiliser and pesticide
inputs, and adapting to a changing climate is a major challenge facing arable
farming globally. Cereals including wheat ( Triticum aestivum), rice (Oryza sativa)
and maize (Zea mays) make up almost half of the global calorific intake (Milani
et al., 2022). A 25 — 70% increase on the 2017 global food production level is
predicted to be required by 2050 to meet the demands of the growing global
population (Hunter et al., 2017). Agricultural intensification including higher
fertiliser and pesticide inputs, and the development of dwarf high-yielding
varieties occurred during the 20" century Green Revolution. The effects of the
introduction of dwarfing REDUCED HEIGHT (Rht) alleles in wheat included
reduced stem height and a greater number of productive tillers which resulted in
increased crop yields (Jobson et al., 2019). These developments and other
factors caused a 40% increase in cereal production between 1960 and 1990
(Evans and Lawson, 2020). However, the current intensive agricultural practices
which are linked to the Green Revolution are contributing to climate change by
causing a fifth of global greenhouse gas emissions (Tubiello et al., 2021), and

loss of soil fertility and biodiversity (Tsiafouli et al., 2015).

Climate change is predicted to hinder increases in crop productivity due to the
effects of higher temperatures and increased CO:2 levels (Lobell and Gourdji,
2012). Droughts and extreme heat reduced cereal production by up to 10% in the
second half of the 20t century (Lesk et al., 2016). These extreme weather events
are expected to become more frequent in the future which will further impact crop
production (Lesk et al., 2016). Management strategies including changing sowing
times, or growing different crop species or varieties may help to alleviate some of
the negative impacts (Lobell and Gourdji, 2012). A second Green Revolution is
thought to now be needed to develop new more resilient crop cultivars with higher
nutrient use efficiency, which will produce greater yields in lower input conditions
(Lynch, 2007). The development of genome editing and precision breeding
techniques has allowed advances in crop breeding to generate new crop varieties
with desired traits (Gao, 2021).
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Understanding the genetic variation and developmental pathways of crop plants
will be crucial for producing new resilient crop varieties which can withstand biotic
and abiotic stresses (Bailey-Serres et al., 2019). The root system architecture of
crop plants is a key target for improving crop yields under environmental stress,
particularly in water- or nutrient-limited conditions (de Dorlodot et al., 2007).
Wheat is the third largest cereal crop harvested worldwide after maize and rice,
and wheat is vulnerable to biotic and abiotic stresses particularly during the grain
filing stage (Asseng et al.,, 2011). Elite cultivars are high-yielding cultivated
varieties developed in modern crop breeding programs (Sanchez et al., 2023). In
2007, modern wheat cultivars were found to have a reduction in root biomass
compared to pre-Green Revolution wheat landraces (Waines and Ehdaie, 2007).
This may indicate that modern cultivars have smaller than optimum root systems
for water and nutrient uptake and suggests that beneficial root traits have been

neglected during the Green Revolution (Waines and Ehdaie, 2007).

1.2 Plant root system architecture

Root system architecture (RSA) describes the spatial distribution of plant root
systems in the soil (de Dorlodot et al., 2007). Plant root systems provide structural
support and determine the efficiency of nutrient and water uptake from the soil
environment, as nutrients and water are heterogeneously distributed in soil layers
(Li et al., 2016). Root system architecture formation has a considerable genetic
basis but environmental factors including water availability, light, temperature and
soil oxygen content have also been shown to influence root system development
(Rich and Watt, 2013). Plant roots are divided into embryonic roots emerging
from the embryo such as dicot taproots or monocot seminal roots (Fig. 1.1), and
post-embryonic roots which form from existing roots or non-root tissues
(adventitious roots) (Atkinson et al., 2014). Post-embryonic roots include lateral
roots forming from embryonic roots, as well as crown or nodal roots which form

the majority of fibrous root systems (Atkinson et al., 2014).

Monocot cereal species such as rice, wheat and maize have fibrous root systems,
consisting of seminal, lateral and nodal or crown roots which have different
developmental pathways. Root system development in wheat and other
monocots starts with the emergence of up to seven embryonic seminal roots (Fig.
1.1a), followed by post-embryonic nodal crown roots which will form most of the
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mature root system (Rich and Watt, 2013). In contrast, post-embryonic
adventitious roots in dicots constitute a smaller proportion of the root system
compared to cereal plant crown roots (Rich and Watt, 2013). Following seminal
root development, lateral roots initiate from endodermis and pericycle cells in
seminal and crown roots (Orman-Ligeza et al., 2013). Dicotyledonous species
such as Arabidopsis thaliana have a taproot system consisting of lateral roots

branching off from the primary taproot (Fig. 1.1b) (Atkinson et al., 2014).

Figure 1.1: Differences between monocot and dicot root system architecture.

(a) 5-day old wheat plant (monocot) grown on germination paper, SR: seminal roots,
scale bar = 10 mm. (b) 9-day old Arabidopsis seedling (dicot) grown on agar, PR: primary
root, LR = lateral root, scale bar = 5 mm.

Root phenomics studies can be a challenge to perform due to the difficulty in
imaging soil-grown root systems, which makes it important to have a lab-based
method that closely matches field conditions. Root phenotyping within a two-
dimensional (2D) controlled growth environment such as transparent agar or
germination paper methods allows whole seedling root system visualisation but
may not be representative of field conditions (Atkinson et al., 2019). Another 2D
phenotyping method involves growing plants around the perimeter of soil-filled
clear pots or thin soil-filled containers which allows visualisation of soil-grown

seedling root phenotypes (Richard et al., 2015).

Root system phenotyping of plants grown in field conditions gives the best
representation of root system architecture, however, these methods can be
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destructive and time intensive. Invasive field methods include soil coring and
‘shovelomics’ where mature root crowns are excavated for root system data
collection and analysis (York et al., 2019). Growing plants in mesh baskets or
colanders in soil allows analysis of root growth angle by quantifying the angles of
roots emerging from the mesh (Oyanagi et al., 1993b, Uga et al., 2013). A non-
invasive root phenotyping method uses X-ray computed tomography (X-ray CT)
scanning to image plant roots which are grown or transferred in soil columns for
imaging (Urfan et al., 2022). The multiple factors influencing root development
indicates that it is important to grow plant species in both controlled and field
conditions to aid the understanding of the different root phenotypes found in both

growth environments (Fiorani and Schurr, 2013).

1.3 Steeper and deeper root systems

Improving crop plant resistance to drought is a major aim in crop breeding due to
the increased occurrence of drought events and water shortages (Luo et al.,
2019). Optimisation of root architecture is a promising strategy for improving
drought resistance (Luo et al., 2019). The “steep, cheap and deep” ideotype is
proposed to optimise acquisition of water and nitrogen in the form of nitrate
(Lynch, 2013). Water and nitrate are mobile in soil and can accumulate deeper
underground. This steep, cheap deep ideotype consists of steep root growth
angles, few but long lateral roots and seminal or initial crown roots capable of
accessing shallow soil resources (Lynch, 2013). Modelling has been used to
predict that a narrower root system architecture and a deeper root system can

result in higher crop yields in water-deficit conditions (Manschadi et al., 2010).

A shallow root system phenotype (Fig. 1.2a) is hypothesised to be optimal for
phosphorus uptake which is an important limiting resource and relatively
immobile in soil in the form of phosphate (Lynch, 2013). Phosphate deficiency is
a global issue in agricultural soils (Lopez-Arredondo et al., 2014). However, there
are negative consequences of phosphate fertiliser application including excess
application leading to environmental issues such as eutrophication, and rock
phosphate is also a non-renewable resource (van de Wiel et al., 2016). Root traits
associated with increased phosphate uptake efficiency include shallow root
growth angles, greater numbers of adventitious and lateral roots, and long root
hairs for topsoil foraging (Lynch, 2013). Shallow, surface rooting has been
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demonstrated in rice plants with a loss-of-function allele of gSOR1 (quantitative
trait locus for SOIL SURFACE ROOTING 1) (Kitomi et al., 2020). Another study
found that overexpressing PSTOL1 (Phosphorus-starvation tolerance 1)
improves phosphorus uptake ability and increases early crown root growth
(Gamuyao et al., 2012).

Figure 1.2: Plant root system architecture ideotypes.

Wheat plant diagrams representing different root system architecture ideotypes. (a)
Shallow root system architecture hypothesised to be optimal for phosphorus uptake. (b)
Standard root system architecture (c) Steep and deep root system architecture
hypothesised to be optimal for water and nitrogen uptake. Diagram not to scale, created
with BioRender.

Deeper plant root system architecture is hypothesised to increase carbon
sequestration and uptake of water and nitrate (Fig. 1.2c) (Lynch, 2022).
Increasing sequestration of carbon in soils is thought to be possible by increasing
plant rooting depth so that higher levels of atmospheric CO2 are sequestered
underground (Kell, 2011). Photosynthesis and allocation of COz2 to plant roots is
the main method of carbon transfer to soil which means that increasing root
growth can improve carbon sequestration in soils (Kell, 2011). Water and nutrient
availability are major limiting factors on crop yields and deeper rooting has been
shown to improve drought avoidance during water-limited growth conditions (Uga
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et al., 2013, Lynch, 2022). Water accumulation in deeper soil layers is a water
source less susceptible to evaporation and can be reached by deeper plant roots
(Cao et al., 2018). Reliable water resources are crucial during the grain-filling
stage of cereal development that occurs later in the growing season (Wasson et
al., 2012).

Steeper root growth angles enable plant roots to reach further underground and
access deep soil resources (Lynch, 2022). Root growth angle is one of the most
important factors shaping plant root system architecture. In rice, overexpression
of DEEPER ROOTING 1 (DRO1) was discovered to increase vertical root growth
and improve crop yield performance under drought conditions (Uga et al., 2013).
Another gene named ENHANCED GRAVITROPISM 2 (EGT2) was found to
control seminal and lateral root growth angle in wheat and barley (Hordeum
vulgare) (Kirschner et al., 2021). Seminal roots form only a small part of the
eventual wheat root system, but early investigation of seminal root angle variation
in Japanese wheat cultivars led to the hypothesis that seminal root angle can
predict the root depth of field grown plants (Oyanagi, 1994, Oyanagi et al.,
1993b). Seminal root angle has since been positively associated with crown root

angle in mature wheat root systems (Manschadi et al., 2008).

1.4 Techniques and strategies for crop development

Modern elite crop cultivars are bred to be high yielding under intensive, high input
conditions, so traits such as pathogen and disease resistance may not be present
in elite germplasm (Newton et al., 2011). Modern cultivars may have reduced
genetic diversity and have lost some potentially advantageous traits compared to
landraces and wild relatives, due to intensive selection for final yield at the
expense of other traits (Wingen et al., 2017). Different strategies can be used to
reintroduce genetic diversity and beneficial crop traits into modern varieties
including mutation breeding, traditional crop breeding programmes, and genome
editing approaches (Gao, 2021). Favourable traits can be identified from
mutagenized plant populations such as TILLING (Targeted Induced Local
Lesions IN Genomes) lines (Kurowska et al., 2011). These TILLING populations
have undergone mutagenesis such as ethyl methanesulfonate (EMS)
mutagenesis followed by genome sequencing, and the resulting population can

then be used to screen for traits or lines with mutations in genes of interest
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(Kurowska et al., 2011, Krasileva et al., 2017). For example, lines with mutations
in EGT2 were identified in the wheat cv. Kronos TILLING population which led to
the discovery that EGT2 functions in wheat root growth angle control (Kirschner
et al., 2021).

Landraces are useful sources of genetic variation for incorporation into elite
varieties, such as the Watkins wheat landrace collection which contains unique
Single Nucleotide Polymorphisms (SNPs) not present in modern wheat cultivars
(Winfield et al., 2018). Breeding programmes can use introgression breeding to
introduce a gene of interest from a wild variety or landrace into an elite modern
cultivar (Palmgren et al., 2015). A submergence-tolerant rice landrace led to
discovery that SUBMERGENCE 1 (SUB1) improved yield under flood conditions

when introgressed into modern rice cultivars (Bailey-Serres et al., 2010).

Traditional breeding methods are slow processes taking many crop generations
with a review of root trait breeding programmes finding they can take up to 10
years (Palmgren et al., 2015, Tracy et al., 2020). The speed of crop development
can be increased by marker-assisted selection (MAS) where DNA markers
associated with target traits are selected to increase breeding efficiency. The
detection of DNA markers and trait associations can be performed with
quantitative trait loci (QTL) analysis and genome-wide association studies
(GWAS) (Yang et al., 2016). A GWAS was performed with a population of elite
durum wheat (Triticum durum) varieties to identify a QTL involved in root growth
angle modulation (Alahmad et al., 2019). Orthology comparison between
Arabidopsis and maize QTLs allowed discovery of 4 genes involved in root

gravitropism (Yoshihara et al., 2022).

Reducing plant generation time can accelerate crop breeding programmes. The
development of shuttle breeding during the Green Revolution allowed two
growing seasons in one year as plant material was transferred between high and
low altitudes during the year (Ortiz et al., 2007). The recent development of speed
breeding involves growing plants in conditions of 22 hours light and 2 hours dark,
which can shorten generation times. For example, average generation time in 5
wheat varieties was reduced from 102 — 105 days to 56 — 80 days under speed
breeding conditions (Watson et al., 2018). This method works with multiple

species with 4 to 6 generations per year achieved for wheat, barley (Hordeum



9

vulgare) and chickpea (Cicer arientinum) under speed breeding conditions,
compared with only 2 to 3 generations per year under 12 hour day conditions
(Watson et al., 2018).

Genome editing creates changes in the genome in the form of insertions,
deletions, single nucleotide polymorphisms (SNPs) or larger substitutions (Nerkar
et al., 2022). CRISPR (Clustered Regularly Interspaced Palindromic Repeats)
and Cas (CRISPR associated) system uses guide RNAs to target a specific
location in the genome (Ran et al., 2013). The target site is cleaved and repaired
through Non-Homologous End Joining (NHEJ) or Homology Directed Repair
(HDR) pathways to result in genome modification (Ran et al., 2013). Off-target
mutations can occur with CRISPR/Cas9 with one study showing that 3% of

potential sites containing the target sequence were mutated (Holme et al., 2019).

Base editing and prime editing allow DNA modification at a single-base level and
can generate specific edits with reduced off target effects compared to the
CRISPR/Cas system (Molla et al., 2021). CRISPR/Cas9 genome editing has
been used to mutagenize wheat GW2 homoeologs to result in a 5.5% increase
in Thousand Grain Weight (TGW), defined as the weight of 1,000 seeds (Wang
et al., 2018b). Prime editing can introduce specific insertions or deletions (indels)
with reduced off-target mutations (Molla et al., 2021). Prime editing has been
successfully demonstrated in both wheat and rice and could be an important tool
for crop breeding to introduce targeted mutations and alleles into crop species
(Lin et al., 2020).

1.5 Root gravitropism

Root system architecture is shaped by a combination of genetic and
environmental factors, including light, gravity and nutrient and water availability
(Morris et al., 2017). One of the most important environmental factors is gravity
which is a constant and uniform influence on plants (Rich et al., 2020). Gravity
sensing occurs in the root cap spatially separated from the resulting gravitropic
response in the root elongation zone (Su et al., 2020). Two hypotheses central to
the root gravitropic pathway are the starch-statolith hypothesis and the Cholodny-
Went hypothesis. The starch-statolith hypothesis proposes that starch-filled
statoliths falling to the lower side of the cell will trigger a stimulus to be transmitted
to the elongation zone to result in altered root growth (Su et al., 2020). Statoliths
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are starch-filled amyloplasts which are thought to have evolved to localise to the
root apex in flowering plants and gymnosperm seed plants, as they are not
present in basal plant lineages (Zhang et al., 2019). Statoliths are located in root
cap columella cells, and the columella cells are thought to be the main site of
gravity sensing (Su et al., 2020). A change in gravity stimulus causes statolith

sedimentation in the direction of gravity (Su et al., 2020).

Statolith sedimentation triggers a lateral gradient of unequally distributed auxin
(indole-3-acetic acid, 1AA) resulting in plant organ bending and this process is
known as the Cholodny-Went hypothesis (Went and Thimann, 1937). The signal
following statolith sedimentation which triggers asymmetric auxin flow is as yet
unknown (Su et al., 2017). Auxin accumulates on the lower side of the root
elongation zone and inhibits lower side cell elongation which results in
downwards root curvature (Band et al.,, 2012). An additional gravity sensing
pathway is thought to be active in plant roots as the starchless
phosphoglucomutase-1 (pgm-1) mutant displays a reduced gravity response rate
at a third of the rate of wild-type roots, which suggests there is an additional
starch-independent gravity sensing mechanism (Wolverton et al., 2011) This
additional mechanism may act outside the root cap as maize seedling roots with
root caps removed were still able to respond to gravistimulation (Mancuso et al.,
2006).

1.6 Auxin transport and reporters

Auxin is the major hormone involved in the gravitropic response pathway and
acts in transcriptional regulation through the TIR1/AFB-Aux/IAA-ARF system
(Mockaitis and Estelle, 2008). Auxin binds to the auxin-binding pocket of TIR1 in
the SCFTR! E3 ubiquitin ligase complex which is composed of TIR1 F-box, CUL1
and SKP1-like proteins (Kepinski and Leyser, 2005). Auxin binding allows
Aux/IAA transcriptional repressor proteins to bind to the SCF complex for
ubiquitination and 26S proteasomal-mediated degradation (Maraschin et al.,
2009). Aux/IAA protein degradation allows de-repression of the ARF (Auxin
Response Factor) transcription factor family. ARFs specifically bind to auxin-
response elements (AuxREs) present in the promoters of auxin-responsive

genes (Hagen and Guilfoyle, 2002). Auxin binding, Aux/IAA degradation and de-
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repression of ARFs allow ARF-mediated transcription of auxin-responsive genes
(Maraschin et al., 2009).

Auxin transport occurs via non-directional transport in the phloem or through cell-
to-cell polar auxin transport (Adamowski and Friml, 2015). Auxin molecules in the
acidic protoplast are protonated (IAAH) and diffuse into cells or are transported
though AUX/LAX influx carrier proteins (Adamowski and Friml, 2015). Auxin
(IAA-) molecules dissociate in the neutral cell cytoplasm and are transported out
through PIN (PIN-FORMED) efflux transporters (Adamowski and Friml, 2015).

PIN polarity determines the direction of auxin flow and PIN2, PIN3, PIN4 and
PIN7 are the main PIN proteins in the root tip (Kleine-Vehn et al., 2010). Auxin is
concentrated at the root tip quiescent centre cells and is transported up through
the root towards the elongation zone by PIN2 (Kleine-Vehn et al., 2010). PIN3 is
polarised to the lower side of the columella cells following gravistimulation, which
redirects auxin flow to the lower side of the root and leads to cell elongation
inhibition (Kleine-Vehn et al., 2010). This asymmetric flow of auxin from the
statocytes causes differences in cell elongation between the upper and lower

sides which results in differential organ growth (Nakamura et al., 2019).

Auxin was first isolated from oat coleoptiles; however, auxin related processes
have since been predominantly characterised in Arabidopsis (Balzan et al.,
2014). Genes important in auxin pathways have been identified in cereals such
as the ARF genes, with the wheat genome found to contain 23 ARF genes (Qiao
et al., 2018). PIN transporter proteins are present and structurally conserved in
wheat, rice and maize, although not all Arabidopsis PINs have homologs in these
cereal species (Singh et al., 2019). Auxin reporters can be used to visualise auxin
flow, signalling and distribution throughout plant architecture (Brunoud et al.,
2012). Auxin reporter lines were first developed in Arabidopsis and the creation
of reporters in other plant species has improved the understanding of the diversity
of auxin signalling processes (Yang et al., 2017, Mir et al., 2017). One of the first
auxin-sensitive reporter systems developed was Arabidopsis DR5-GUS
composed of a synthetic auxin response element from the GH3 gene in soybean
(Glycine max) fused to a CaM35S-GUS reporter gene (Ulmasov et al., 1997). A
newer version named DR5v2 was generated using a higher affinity binding site

sequence for improved visualisation of auxin responses (Liao et al., 2015).
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The DII-VENUS auxin reporter developed by Brunoud et al. (2012) consists of
the DIl auxin-binding domain of AtAux/IAA28 fused to VENUS yellow fluorescent
protein and an N7 nuclear localisation signal, under the control of the CaMV35S
promoter. DII-VENUS is degraded in the presence of auxin through association
with the auxin-TIR1 complex with the lack of DII-VENUS fluorescence indicating
the presence of auxin (Brunoud et al., 2012). The mDII-VENUS control reporter
line has a mutation in the DIl degron which does not bind TIR1 leaving mDII-
VENUS auxin-insensitive so that DII-VENUS and mDII-VENUS expression can
be compared to visualise auxin distribution in plant tissues. The Arabidopsis DII-
VENUS reporter revealed that auxin redistribution occurs in minutes following a
change in gravity stimulus (Band et al., 2012). DII-VENUS expression patterns
have also been used to model auxin diffusion through plasmodesmata in
Arabidopsis root tips (Mellor et al., 2020). The R2D2 auxin reporter combines DII-
VENUS with mDIlI-ntdTomato in the same construct to allow direct relative
quantitative analysis of the DII/mDII fluorescence ratio which is an improvement

over previous versions of auxin reporters (Liao et al., 2015).

These auxin reporters have now been translated into some cereal species
including rice, maize and barley (Yang et al., 2017, Mir et al., 2017, Dao et al.,
2023). The DII-VENUS and DRS reporters have been successfully transformed
into maize and used to discover differences in auxin signalling during cell cycle
of leaf epidermal cells (Mir et al., 2017). Rice DII-VENUS and DR5-VENUS
reporters have been generated and used for reporting auxin distribution during
rice spikelet and root development (Yang et al., 2017). Expression of a
DR5v2:ntdTomato/DR5:n3GFP ratio reporter in maize and barley leaf tissues via
particle bombardment found DR5v2 to be responsive to exogenous auxin
treatment in both species (Dao et al., 2023). The R2D2 reporter has also been
demonstrated to function in maize and responsive to auxin application through
transient expression (Dao et al., 2023). Despite the advances in other cereals, no

auxin reporter lines have yet been generated in wheat.

1.7 Gravitropic setpoint angles in Arabidopsis and cereal
species

Auxin is the primary plant hormone involved in gravitropic setpoint angle (GSA)

maintenance, which is “the angle with respect to gravity at which an organ is
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maintained by gravitropism” (Digby and Firn, 1995). Arabidopsis primary roots
growing vertically downwards would have a GSA of 0°, however, lateral roots are
predominantly maintained at non-vertical GSAs due to the balance between the
angle-dependent gravitropic response and the counter-acting upward anti-

gravitropic auxin flux (Roychoudhry et al., 2023).

This balance in auxin flux at GSA is due to a balance of PIN3 and PIN7 in
columella cells (Roychoudhry et al., 2023). The non-vertical GSAs displayed by
lateral roots may be beneficial for resource capture in the surrounding soil
environment. The GSA of a plant organ will change over time during plant
development and in response to environmental stimuli such as light (Digby and
Firn, 1995). For example, Arabidopsis lateral root GSA becomes more vertical
with age (Roychoudhry et al., 2013). Reorientation of Arabidopsis roots will cause
either upwards or downwards root bending to return to the original GSA of the
root. Root responses to reorientation are angle dependent with greater
reorientation angles leading to a faster response to return to the original GSA
(Roychoudhry et al., 2013).
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Figure 1.3: Arabidopsis lateral root gravitropic setpoint angle maintenance.

Gravitropic setpoint angles (GSAs) are determined by an angle-dependent gravitropic
mechanism acting against an angle-independent antigravitropic offset, these auxin
fluxes are balanced when the root is at GSA (Roychoudhry et al., 2023), g = direction of
gravity, angle symbols = lateral root at GSA, inset orange arrows = antigravitropic offset,
inset blue arrows = gravitropic auxin transport, diagram not to scale.

Limited research has been performed in wheat or other cereals on GSA
maintenance, gravitropism and root growth angle control. Early cereal
gravitropism research on the gravitropic responses of oat, wheat, rice and maize
coleoptiles found that cereal coleoptiles respond to a change in gravity stimulus
in an angle-dependent manner (lino et al., 1996, Tarui and lino, 1997). A study
of maize root gravitropic setpoint angles found differences in GSA between maize
cultivars and in different root types (Hund, 2010). The non-vertical growth of
cereal roots was originally described as “plagiogravitropic” and the root growth
direction was suggested to be determined by the emergence angle and the
gravitropic responses of the cereal plant (Oyanagi et al., 1993a). Kaye (2018)
found that both rice and wheat non-vertical seminal roots have an active

antigravitropic offset mechanism and are capable of GSA maintenance.
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1.8 LAZY genes: regulators of shoot and root growth angle

The molecular basis of crop shoot and root architecture can be important to
understand when investigating methods for optimising plant growth and
improvements in crop yields. A crossing experiment between shallow and steep
rooting wheat cultivars resulted in a now disproven theory that wheat root
gravitropic responses were controlled by a single dominant gene (Oyanagi et al.,
1993a). Root gravitropism is now known to be a complex molecular pathway, and
several genes involved in wheat gravitropism have since been identified such as
EGT1 (ENHANCED GRAVITROPISM 1), EGT2 and the LAZY gene family
(Kirschner et al., 2021, Fusi et al., 2022, Rasool et al., 2023).

LAZY genes contain five conserved domains and functionin shoot and root
growth angle control (Waite and Dardick, 2021). The first LAZY gene to be
identified was LAZY1 (LA1) in rice, which has functions in shoot gravitropism and
rice tiller angle regulation (Li et al., 2007). There are six LAZY genes identified in
Arabidopsis; AILAZY1, AtLAZY2, AtLAZY3, AtLAZY4, AtLAZYS and AILAZYE,
and AILAZYZ2 and AtLAZY4 are involved in root growth angle control and root
gravitropism (Yoshihara and Spalding, 2017). The LAZY genes are part of the
wider IGT family which also includes the TACT (TILLER ANGLE CONTROL 1)
genes involved in regulation of shoot growth angle in plant species including
Arabidopsis, rice and peach (Prunus persica) (Yu et al., 2007, Dardick et al.,
2013).

LAZY genes are highly conserved and present in a wide range of plant species
including rice, Arabidopsis, maize, soybean (Glycine max), Lotus japonicus and
Medicago truncatula (Yoshihara et al., 2013, Ge and Chen, 2016). The wheat
LAZY gene family has been identified (Ashraf et al., 2019, Rasool et al., 2023,
Kitomi et al., 2020), but there has been limited research into the functions of these
wheat genes. Sequence alignment analysis of rice LAZY1 with other cereal
genomes first discovered wheat LAZY7 along with orthologs in sorghum
(Sorghum bicolor) and maize (Li et al., 2007). Wheat DRO17-like (TaDRO1)
homoeologs were identified as LAZY genes and found to interact via a C-terminus
EAR motif with TOPLESS proteins, a repressor of auxin-regulated genes (Ashraf
et al.,, 2019). A further triad of wheat LAZY genes were named TaqSORT1-A,
TaqSOR1-B and TagSORT1-D after the rice qSOR1 (quantitative trait locus for
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SOIL SURFACE ROOTING 1) gene (Kitomi et al., 2020). Sequence alignment of
the wheat DRO1 and gSOR1 homoeologs showed these genes are most similar
to Arabidopsis LAZY2 and LAZY4 (Appendix 2) (Kitomi et al., 2020). The entire
wheat LAZY gene family is thought to have been identified, although investigation
of wheat LAZY molecular interactions has been limited to the TaDRO7
homoeologs (Ashraf et al., 2019, Rasool et al., 2023).

Arabidopsis LAZY2 and LAZY4 have predominantly root-specific expression in
root statocyte columella cells and root vasculature (Taniguchi et al., 2017,
Furutani et al., 2020). LAZY2 and LAZY4 proteins are localised in the direction of
gravity on the plasma membrane of columella cells and repolarise following a
change in gravity stimulus in lateral root columella cells (Furutani et al., 2020).
AtLAZY3 is also expressed in root statocytes and functions in root gravitropism,
with Arabidopsis lazy2 lazy3 lazy4 triple mutants exhibiting negative gravitropism
with upwards growing roots (Yoshihara and Spalding, 2017, Taniguchi et al.,
2017, Ge and Chen, 2019). This lazy triple mutant phenotype could be explained
by reversal of PIN3 polarity and auxin flow in response to gravistimulation (Ge
and Chen, 2019). LAZY4 overexpression results in deeper rooting phenotypes in

Arabidopsis and plum (Prunus domestica) (Guseman et al., 2017).

Rice LAZY1 regulates rice tiller angle (Li et al., 2007) and similarly Arabidopsis
LAZY1 mainly functions in shoot gravitropism with /azy1 loss-of-function mutants
having more horizontal shoot branch angles (Yoshihara et al., 2013). The loss of
LAZY1 in rice alters polar auxin transport and shoot auxin distribution (Li et al.,
2007) and LAZY1 is thought to act in the gravitropism pathway between gravity
sensing and auxin redistribution (Yoshihara et al., 2013). LAZY1 is cell membrane
and nuclear localised and is essential for the redistribution of auxin following
gravitropic stimulation in rice, maize and Arabidopsis (Li et al., 2007, Dong et al.,
2013, Nishimura et al., 2023). Introducing point mutations into domain V of
AtLAZY1 gives a downwards bending, positively gravitropic shoot phenotype
(Yoshihara and Spalding, 2020). A horizontal, spreading tiller phenotype can also
be seen in a lazy1 rice mutant with a mutation in a predicted transmembrane
domain region of OSLAZY1 (Chen et al., 2022a).

LAZY1 and TAC1 have overlapping expression patterns in Arabidopsis shoots

and TACT is suggested to negatively regulate LAZY1 in the shoot as the lazy1
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mutant phenotype is epistatic to the tac1 shoot phenotype (Dardick et al., 2013,
Hollender et al., 2020). Another LAZY1-interacting protein is BRXL4 (BREVIS
RADIX LIKE 4) found to interact with domain V of LAZY1 with at the plasma
membrane (Che et al., 2023). BRXL4 proposed to negatively regulate LAZY1 by
reducing the amount of plasma membrane localised LAZY1 where LAZY1 may

function in gravity signalling (Che et al., 2023).

There are five LAZY conserved domains and Arabidopsis LAZY1, LAZY2, LAZY4
and LAZYG6 contain all five of these domains (Yoshihara et al., 2013). Conserved
domain | at the N-terminus is required for LAZY1 localisation to the plasma
membrane and control of shoot branch angle (Yoshihara and Spalding, 2020).
Domain Il contains a conserved ‘IGT [G@L(A/T)IGT] motif which is present in
amino acid sequences of all LAZY and TAC1-like genes in the IGT family (Dardick
et al.,, 2013). LAZY domains Il and IV are less well conserved and inducing
mutations in domains Ill or IV in LAZY1 had a lesser effect on shoot phenotype
than mutating domains I, Il or V (Yoshihara and Spalding, 2020). LAZY2 and
LAZY4 contain a longer version of domain Ill named extended domain Il (D3X)
(Binns, 2022). A dominant gain-of-function point mutation in D3X of A{LAZY4
(lazy4D) or in LAZY2 (lazy2D) was found to cause a steeper lateral root angle
phenotype showing that D3X is important in Arabidopsis lateral root growth angle
control (Binns, 2022). This mutant phenotype contrasts with Arabidopsis
knockout lazy2 and lazy4 mutants which have more horizontal lateral root growth

angles (Guseman et al., 2017).

LAZY domain V has high sequence similarity in all LAZY proteins and so was
named CCL (conserved C terminus in LAZY1 family proteins) (Taniguchi et al.,
2017). The LAZY CCL domain interacts with the BRX domain of RCC1-like
domain (RLD) proteins to recruit RLD from the cytoplasm to the plasma
membrane following gravistimulation (Furutani et al., 2020). The CCL domain
contains an EAR-like motif (ethylene-responsive element binding factor-
associated amphiphilic repression), which is one of the most common
transcriptional repression motifs in plants (Chow et al., 2023). This domain V EAR
motif is not present in TAC17-like genes (Yoshihara and Spalding, 2017). EAR
motif-containing proteins negatively regulate genes that have many different
functions in plant growth and development (Chow et al., 2023). The EAR motif
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was found to be essential for LAZY4 function, as overexpressing LAZY4 gives a
steeper rooting phenotype but overexpressing a truncated LAZY4 lacking an EAR
motif yields a wildtype phenotype (Guseman et al., 2017). Expressing only the C-
terminal region in Arabidopsis lazy mutants was able to reverse the primary root

growth direction back to wildtype (Taniguchi et al., 2017).

LAZY genes were proposed to act downstream of gravity perception and
upstream of auxin gradient formation in the gravity signalling pathway as
asymmetrical auxin gradients did not form in the atlazy1 lazy?2 lazy3 triple mutant
(Yoshihara and Spalding, 2017, Taniguchi et al., 2017). GFP-tagged LAZY
proteins were shown to be plasma membrane localised in root columella cells
(Ge and Chen, 2019). LAZY proteins have now been demonstrated to act as
signal transmitters of statolith localisation and gravity direction in the gravitropic
pathway by localising to amyloplast sites on the plasma membrane (Nishimura et
al., 2023). LAZY proteins diffuse to statoliths at the plasma membrane following

LAZY phosphorylation and statolith sedimentation (Chen et al., 2023).

Gravistimulation induces MAPK-mediated (Mitogen-Activated Protein Kinase)
phosphorylation of Arabidopsis LAZY proteins in root columella cells which
facilitates LAZY protein localisation at statolith sites (Chen et al., 2023) (Fig. 1.4).
LAZY extended domain Il (D3X) is likely to be important during this pathway as
mutating LAZY4 D3X (lazy4D mutation) is hypothesised to increase LAZY4
binding to statoliths or LAZY4 stability at statoliths and D3X may be the site of
interaction between LAZY4 and statoliths (Binns, 2022). At the plasma
membrane, Arabidopsis LAZY4 has been shown to recruit RLD proteins for PIN3
re-localisation and polar auxin flow in the direction of gravity (Furutani et al., 2020,
Nishimura et al., 2023). LAZY re-polarisation resulting in asymmetric auxin
distribution causes changes in cell elongation and differential growth (Fig. 1.4)
(Chen et al., 2023).
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Figure 1.4: The role of LAZY proteins in the gravitropic response pathway.

(a) Arabidopsis seedling reorientated by 90° (b) Diagram showing statolith sedimentation
in lateral root columella cells. Statoliths sediment to the new lower side of the cell
following gravistimulation, this causes LAZY polarisation (orange shading) to statoliths
and results in changes in polar auxin transport (blue arrow), g = direction of gravity
(Furutani et al., 2020, Chen et al., 2023).

1.9 The potential of the LAZY gene family in crop breeding

LAZY genes are promising candidates for use in future crop improvement as root
growth angle modification is proposed to optimise nutrient uptake and improve
crop yields (Lynch, 2013). Shallower crop root systems are thought to be
advantageous in saline or phosphorus-limited environments (Lynch, 2013).
Therefore, root growth angle is a major root trait that can be targeted for
optimising crop performance under certain environmental conditions. Rice
cultivars grown in irrigated growth conditions often have shallower root systems
whereas a steeper root system may be beneficial for upland rice varieties grown
in non-flooded conditions which can experience drought (Boonjung and Fukai,
1996). DRO1 (DEEPER ROOTING 1) is arice LAZY gene identified through QTL
analysis of a rice population generated from a cross between an upland, deep
rooting cultivar and a shallow rooting cultivar (Uga et al., 2011). Overexpression
of DRO1 in rice has been shown to cause a steeper root system phenotype

showing that OsDRO1 functions in root growth angle regulation (Uga et al., 2013).
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DRO1 plants were found to have more vertical root growth angles and increased
root biomass in deep soil layers which resulted in improved drought avoidance

and increased grain yield in water-limited conditions (Uga et al., 2013).

A homolog of rice DRO1 associated with root angle control was identified and
named qSORT1 (quantitative trait locus for SOIL SURFACE ROOTING 1) (Kitomi
et al., 2020). Rice gSOR1 is expressed in root columella cells and rice plants with
a loss-of-function gsor1 allele have shallower root angles and soil surface roots
(Kitomi et al., 2020). Rice gsor1 plants with soil surface roots were better at
adapting to growth in saline rice paddies and had increased yield compared to
cultivars without the gsor1 allele (Kitomi et al., 2020). These studies show that
plants may have different optimal root angles depending on the growth
environment and that LAZY family genes are promising candidates to use in crop

breeding for modification of root system architecture.

1.10 Project aims

Steeper and deeper crop root systems are proposed to increase crop yields in a
changing climate through improving uptake of water and nutrients (Lynch, 2013).
This work will investigate potential strategies to achieve the ‘steep’ phenotype
within the ‘steep, cheap and deep’ ideotype proposed by Lynch (2013).Re-
engineering root system architecture in crop breeding programmes could lead to
improved yields in low input agricultural systems. The goal of this work was to
gain further understanding of cereal root architecture development and the LAZY

genes in wheat to work towards achieving steeper crop root systems.

Firstly, this work trialled methods for quantifying root system architecture and
comparisons of different growth environments to investigate the diversity of wheat
root system architecture as root system architecture phenotyping is a difficult
challenge (Atkinson et al., 2019). The second objective was to understand
whether wheat and rice lateral roots were capable of GSA maintenance which
would further the understanding of cereal root gravitropism and contribute
towards root system architecture modification. Arabidopsis lateral roots can
maintain gravitropic setpoint angles (Roychoudhry et al., 2013, Digby and Firn,
1995), however, the ability of non-vertical cereal lateral roots to maintain

gravitropic setpoint angles is unknown.
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Next, this work aimed to generate a wheat DII-VENUS auxin reporter to provide
a valuable tool for furthering auxin and gravitropism research in wheat. Auxin is
the main plant hormone in the gravitropic response pathway, and many other
developmental processes and auxin reporters are important tools for visualising
auxin distribution, signalling and responses in plants. DII-VENUS is an auxin
reporter first developed in Arabidopsis and later generated in maize, rice and
barley. A wheat auxin reporter did not yet exist despite wheat being an important

cereal species.

The second and third aims were to translate Arabidopsis root gravitropism and
LAZY gene family research into wheat using crop transformation and other
sources of wheat genetic diversity. This work is important as the current
understanding of the functions of the wheat LAZY gene family is limited and LAZY
genes could be valuable tools for use in crop breeding. Through their roles in the
gravity signalling pathway and regulating the development of root systems, LAZY
genes have potential applications in crop breeding for modification of root system

architecture.
In summary, the aims and objectives of this project were to:

1. Investigate root gravitropism and auxin signalling in cereals to work
towards improvement of crop root system architecture.
a) Explore wheat root system architecture variation in different growth
environments and within wheat cultivars and landraces.
b) Establish if wheat and rice lateral roots have the capacity to
maintain gravitropic setpoint angles.
c) Create a wheat DII-VENUS auxin signalling reporter and determine

a wheat root confocal imaging protocol.

2. Examine the functions of the wheat LAZY genes to determine if these
genes and the lazy4D mutation could be used for modifying wheat root
system architecture.

a) Analyse wheat LAZY family homoeolog sequence conservation
and expression within the shoots and roots of wheat.
b) Determine if the lazy4D mutation in wheat influences lateral root

branching angle.
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Investigate the functions of LAZY extended domain Il (D3X) in wheat root
growth angle control by screening wheat lines with TagSOR1 D3X
mutations.
a) Perform root system architecture phenotyping of wheat TILLING
lines with gSOR 171 D3X mutations.
b) Create transformed Arabidopsis lines with mutations introduced
from a gSOR1 extended domain Ill mutant; Cadenza1761.
c) Generate backcrossed Cadenza1761 BC2F2 plants and perform

root growth angle analysis.
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Chapter 2

Materials and Methods
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Chapter 2: Materials and Methods
2.1 Plant lines and growth conditions

2.1.1 Plant lines

The wheat ( Triticum aestivum), rice (Oryza sativa) and Arabidopsis thaliana lines
used in this work are listed below. The wheat BC2F2 Taqsor1-B R132, R132W*-
and R132W lines were developed from backcrossing the Cadenza1761 EMS

TILLING line twice to wheat cv. Cadenza.

Table 2.1: List of wheat, rice and Arabidopsis plant lines used in this project.

Plant species Plant line Background Source
Kepinski lab, University
Triticum aestivum Bobwhite
of Leeds
Germplasm Resources
Triticum aestivum Cadenza Unit, John Innes
Centre, Norwich
Crop Transformation,
Triticum aestivum Fielder John Innes Centre,
Norwich
YoGl landrace panel x 285 Harper lab, University
Triticum aestivum
lines of York

This project and NIAB,

Triticum aestivum ZmUbi:DII-VENUS-N7 Fielder
Cambridge
This project and NIAB,
Triticum aestivum ZmUbi:mDII-VENUS-N7 Fielder
Cambridge
This project and Crop
Triticum aestivum qSOR1-A:qSOR1-A Fielder Transformation, John
Innes Centre, Norwich
This project and Crop
Triticum aestivum | qSOR1-A:qsor1-A (R136K) Fielder Transformation, John

Innes Centre, Norwich
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This project and Crop

Triticum aestivum ZmuUbi:qsor1-D (R135A) Fielder Transformation, John
Innes Centre, Norwich
Germplasm Resources
Triticum aestivum Cadenza0220 Cadenza Unit, John Innes
Centre, Norwich
Germplasm Resources
Triticum aestivum Cadenza1761 Cadenza Unit, John Innes
Centre, Norwich
Cadenza1761 x Cadenza
Triticum aestivum Cadenza This project
BC2F2 R132
Cadenza1761 x Cadenza
Triticum aestivum Cadenza This project
BC2F2 R132W*-
Cadenza1761 x Cadenza _
Triticum aestivum Cadenza This project
BC2F2 R132W
Oryza sativa ssp. Aneesh Lale, University
Nipponbare .
Jjaponica of Nottingham
Arabidopsis Kepinski lab, University
Col-0
thaliana of Leeds
(SALK_149134C)
Arabidopsis
lazy2 Col-0 Kepinski lab, University
thaliana
of Leeds
Arabidopsis Kepinski lab, University
LAZY2:LAZY2 Col-0
thaliana of Leeds
Arabidopsis LAZY2:lazy2D oL Kepinski lab, University
O -
thaliana (R143A) of Leeds
Arabidopsis LAZY2:lazy2 1761
Col-0 This project
thaliana (R144W)
Arabidopsis Kepinski lab, University
lazy4D Col-0

thaliana

of Leeds
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2.1.2 Seed sterilisation

Arabidopsis and wheat seeds were sterilised with chlorine gas prior to growth.
Seeds were placed in 1.5 ml microcentrifuge tubes and the open tubes were
placed inside a desiccator under a fume hood. Chlorine gas was generated by
adding 3 ml of 37% hydrochloric acid to 100 ml of liquid bleach and the seeds
were exposed to this in the desiccator for 2 — 3 hours. The seeds were transferred
to a laminar flowhood for 1 hour for ventilation. For rice, the seed husk was
removed from the seed which was then surface sterilised by washing with 20%
sodium hypochlorite (2 minutes), 70% EtOH (2 minutes) followed by three
washes with distilled dH20.

2.1.3 Plant media preparation

Arabidopsis seeds were sown onto 120 x 120 mm square plates on 45 ml
autoclaved Arabidopsis Thaliana Salts (ATS) media (Table 2.2) (Wilson et al.,
1990), containing 1% w/v sucrose and 0.8% plant agar (Duchefa Biochemie).

Seeds were stratified on plates at 4°C for 48 hours.

Table 2.2: ATS media preparation

Macronutrients mM
Potassium dihydrogen monophosphate (KH2PO4) (pH 5.5) 25
Potassium nitrate (KNO3) 5
Calcium nitrate (Ca(NO3)2) 2
Magnesium sulphate (MgSO4) 2

Micronutrients MM
Iron ethylenediaminetetraacetic acid (Fe-EDTA) 50
Orthoboric acid (H3sBO4) 70
Manganese chloride (MnCly) 14
Sodium chloride (NaCl) 10
Copper sulphate (CuSO4) 0.5
Zinc sulphate (ZnS04) 1
Sodium molybdate (NaMoOa) 0.2
Cobalt chloride (CoCl.) 0.01
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Hoagland’s No. 2 nutrient solution (Hoagland and Snyder, 1933) was used for
wheat experiments, in Hoagland’s solution for pouches or on Hoagland'’s agar for
plates. Hoagland’s solution was prepared with 1.6g of Hoagland’s stock added to
1 L of dH20 before use (Table 2.3). Hoagland’s agar for wheat plate experiments
was made by adding 1% w/v sucrose and 0.8% w/v plant agar to Hoagland’s
solution. Wheat seeds were stratified on wet filter paper in petri dishes at 4°C for
48 hours before plating on 245 x 245 mm square plates containing 200 ml
Hoagland’s agar. Wheat pouch experiments were set up with seeds placed in
individual CYG seed germination pouches (Mega International) standing in

Hoagland’s No. 2 solution.

Table 2.3: Hoagland's No. 2 preparation.

Reagent mg/litre
Potassium nitrate (KNO3) 606.6
Calcium nitrate (Ca(NO3).) 656.4
Magnesium nitrate Mg(NO3), 240.76

Ammonium dihydrogen phosphate (NH4H2PO,) 115.03

Manganese chloride tetrahydrate (MnCl,.4H.0) 1.81

Boric acid (H3BOs) 2.86

Molybdenum trioxide (MoQOs3) 0.016
Zinc sulphate heptahydrate (ZnS0O4.7H20) 0.22
Copper sulphate pentahydrate (CuSQO4.5H-0) 0.08
Ferric tartrate (Fe2(CsH40s)3) 5

Rice seeds were stratified on wet filter paper in petri dishes at 4°C for 48 hours
and then moved to 27°C, 12-hour photoperiod for a further 48 hours before
plating. Rice plants were grown on 50 ml Yoshida’s agar prepared with 1.25 ml
of each macronutrient solution and the micronutrients stock solution added to 1
L of dH20 before use (Table 2.4) (Yoshida et al., 1976). The plates were prepared

with 1% wi/v sucrose and 0.8% w/v plant agar on 120 x 120 mm square plates.
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Table 2.4: Yoshida's media preparation.

Macronutrients gllitre

Ammonium nitrate (NH4sNO3) 91.4

Sodium dihydrogen phosphate dihydrate (NaH2PO4-2H,0) 40.3

Potassium sulphate (K2SO4) 71.4
Calcium chloride (CaCly) 88.6
Magnesium sulphate pentahydrate (MgS04.7H-0) 324
Micronutrients* gllitre
Manganese chloride tetrahydrate (MnCl,.4H->0) 1.5

Ammonium molybdate tetrahydrate ((NH4)sM07024.4H20) 0.074

Boric acid (H3sBO3) 0.934
Zinc sulphate heptahydrate (ZnS04.7H20) 0.035
Copper sulphate pentahydrate (CuS0O4.5H,0) 0.031
Iron (I1I) chloride hexahydrate (FeCls.6H20) 7.7

Citric acid monohydrate 11.9

*Micronutrients were mixed with 50 ml H2SO4 and made up to 1 L with dH20.

2.1.4 Plant growth conditions

Arabidopsis plates, wheat plates and wheat pouches were grown vertically in
controlled environment rooms under long day conditions (16 hours light/8 hours
dark) at a temperature of 20°C with 60% humidity and light intensity of
approximately 350 umol m2. Rice plates were grown vertically in controlled
environment cabinets at 27°C under 12 hours light/12 hours dark conditions.
Arabidopsis and wheat plants grown for seed, crossing or shoot phenotype
analysis were grown on plates or pouches and transferred to compost (Petersfield
No. 2) in 9 cm square pots. Wheat plants grown for root angle phenotyping were
grown in large compost-filled pots containing a 20 cm diameter colander placed
so the top was level with the compost surface. Plants were grown in glasshouses
under long day conditions (16 hours light / 8 hours dark) at 20 — 25°C. Wheat
plants grown for seed or crossing experiments were grown under speed breeding
conditions (22 hours light/2 hours dark) at 22°C.
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2.1.5 Wheat transformation

Wheat DII-VENUS and mDII-VENUS auxin reporter lines were developed by
expressing Arabidopsis DII-VENUS and mDII-VENUS constructs codon-
optimised for wheat under the control of the maize ubiquitin-1 (ZmUbi) promoter
in wheat cv. Fielder (see 2.2.9 for details). The constructs were created and sent
to NIAB (Cambridge) for transformation into wheat cv. Fielder. The TaqSOR1-
A:qSOR1-A, TaqSOR1-A:qsor1-A (R136K) and ZmUbi:qsor1-D (R135A) wheat
constructs (see 2.2.10 for details) were transformed into wheat cv. Fielder by

Crop Transformation at the John Innes Centre (Norwich).

2.1.6 Agrobacterium-mediated Arabidopsis transformation

Arabidopsis plants were transferred from plates into 9 cm square pots with 5
seedlings per pot and grown for 4 — 6 weeks prior to transformation, where three
pots were used for each transformation. A 2 ml culture of Luria-Bertini (LB) media
was inoculated with a single colony of Agrobacterium tumefaciens GV3101
straincontaining the construct for transformation. This culture was used to
inoculate 2 x 250 ml LB media containing gentamycin (25 ug/ml), rifampicin (100
pg/ml) and spectinomycin (70 pg/ml). The cultures were grown overnight at 28°C
shaking at 140 rpm. Agrobacterium cells were isolated with centrifugation at
8,000 rpm for 12 minutes at room temperature and resuspended in 250 ml of
floral dipping solution (5% w/v sucrose, 10 mM MgCl2.6H20 and 25 ul Silwet L-
77). Arabidopsis inflorescences were dipped in the solution for 2 — 3 minutes and
sealed in a transparent autoclave bag for 24 hours (Clough and Bent, 1998). The
bag was opened after 24 hours, and the plants were grown for 4 — 6 weeks before

harvesting of T1 seeds.

2.1.7 Selection of transgenic plants with seed coat fluorescence

Arabidopsis seeds transformed with an Alligator V vector that displayed seed coat
fluorescence in T1 were selected using an Olympus SZX12 stereo microscope.
The T2 seeds from self-pollinated T+1 plants with a 3:1 fluorescent:non-fluorescent
ratio were selected as they were likely to contain a single insertion in T1. The Ts
lines with 100% seed coat fluorescence were selected for use as homozygous
single insertion lines. Three independent T3 lines from three different T1 plants
were used for phenotyping.
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2.2 Molecular biology

2.2.1 Wheat LAZY gene family and EMS mutant identification

The full-length protein sequences for the Arabidopsis LAZY gene family;
AILAZY1 (AT5G14090), AtLAZY2 (AT1G17400), AtLAZY3 (AT1G19115),
AtLAZY4 (AT1G72490), AtLAZY5 (AT3G24750) and AILAZY6 (AT3G27025)
were downloaded from EnsemblPlants (https://plants.ensembl.org) and used in
reciprocal BLAST searches to identify orthologs in the wheat genome. Wheat and
Arabidopsis amino acid sequences were aligned with CLUSTAL-Omega, T-
Coffee and Boxshade (https://www.ebi.ac.uk/Tools/msa/). Since this work, the
wheat LAZY genes have been identified and published under several names
(Ashraf et al., 2019, Kitomi et al., 2020, Rasool et al., 2023).

The ‘Genetic Variation’ tool within EnsemblPlants was used to search for lines in
the wheat cv. Cadenza EMS TILLING population with mutations in extended
domain Il of the three wheat gSOR7 homoeologs. Seeds were ordered from the

Germplasm Resources Unit (Norwich) for selected mutants.

2.2.2 Wheat genomic DNA extraction

Wheat leaf tissue was harvested at the two-leaf stage and frozen in liquid
nitrogen. Genomic DNA extraction was performed using a protocol adapted from
the Cotton Lysis Buffer (CLB) protocol (Paterson et al., 1993). Frozen leaf tissue
was ground with a micropestle and incubated in CLB at 65°C for 45 minutes. The
sample was spun for 5 minutes with 375 pul chloroform isoamyl alcohol,
supernatant removed and spun with 300 pl for 30 minutes at 8,000 rpm to form a
pellet. The supernatant was discarded, and the pellet washed with 70% EtOH, air

dried and resuspended in 50 pl dH20.

2.2.3 Polymerase Chain Reaction (PCR)

The Phusion High-Fidelity DNA Polymerase Kit (NEB) was used for cloning the
TagSOR1-A promoter according to the manufacturer’s instructions. The reaction
components (Table 2.5) were added to 0.2 ml PCR tubes on ice with Phusion
polymerase added last. The tubes were briefly spun down to mix and transferred
from ice to a thermocycler preheated to 98°C in the following thermocycling
conditions (Table 2.6).
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Table 2.5: Phusion PCR reaction components.

Component Volume (ul) per 20 ul reaction
5X Phusion HF buffer 4
Forward primer (10 uM) 1
Reverse primer (10 uM) 1
dNTP (10 mM) 0.4
Phusion DNA polymerase 0.2
Template gDNA 1
dH.0 12.4

Table 2.6: Thermocycling conditions for TagSOR1-A promoter cloning

Step Temperature (°C) Time
Initial denaturation 98 30 seconds
98 10 seconds
35 cycles 64 30 seconds
72 90 seconds
Final extension 72 10 minutes
Hold 4 0

GoTaqg G2 DNA polymerase was used for genotyping wheat lines for the
TaqgSOR1-B R132W SNP according to the manufacturer’s instructions. The
reaction components (Table 2.7) were added to 0.2 ml PCR tubes on ice. The
tubes were briefly spun down to mix and transferred from ice to a thermocycler

preheated to 95°C in the following thermocycling conditions (Table 2.8).
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Table 2.7: GoTaq G2 PCR reaction components.

Component Volume (ul) per 20 ul reaction

5X Green GoTaq reaction buffer 4

Forward primer (10 uM) 0.5
Reverse primer (10 uM) 0.5
dNTP (10 mM) 0.4
GoTaq G2 DNA polymerase 0.2
Template gDNA 2

dH.0 12.4

Table 2.8: Thermocycling conditions for Tagsor7-B R132W SNP genotyping.

Step Temperature (°C) Time
Initial denaturation 95 2 minutes
95 30 seconds
35 cycles 60 30 seconds
72 1 minute
Final extension 72 5 minutes
Hold 4 0

2.2.4 Agarose gel electrophoresis

Agarose gel electrophoresis was used for PCR product analysis. Agarose was
dissolved in TAE (1X Tris-acetate-EDTA; 40 mM Tris-base, 20 mM acetic acid, 1
mM EDTA at pH 8) buffer at a 1% w/v concentration and 1X Gel-Red nucleic acid
added. 5 pl PCR product (and 1 pl loading dye for Phusion PCR products) loaded
onto the gel with 8 ul 1 kb+ DNA ladder (ThermoFisher) and run for 50 minutes
at 80 V in 1X TAE buffer in a Bio-Rad gel tank, then visualised with a UV gel

imager.

2.2.5 Agarose gel extraction

DNA was extracted from agarose gel with a scalpel under a UV illuminator and
purified with an Invitrogen PureLink Quick Gel Extraction Kit. An Eppendorf with
3 volumes of Gel Solubilization Buffer for 1 volume gel incubated in a 50°C

waterbath for 10 minutes until dissolved. One volume of isopropanol was added,
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then the dissolved gel slice was transferred to a quick extraction column inside a
wash tube and centrifuged for 1 minute. The flowthrough was discarded, and the
column washed with 500 pl Wash Buffer 1, centrifuged, flowthrough discarded
and column centrifuged again. The sample was eluted with 30 ul Elution Buffer

into a recovery tube and stored at -20°C.

2.2.6 PCR purification
PCR products were purified using a QIAquick PCR purification kit (Qiagen). 5

volumes of Buffer PB were added to 1 volume of PCR product and mixed. The
mix was transferred to a QlAquick column and centrifuged for 60 seconds, before
discarding the flowthrough. The column was washed with 750 pl Buffer PE and
centrifuged for 60 seconds before discarding the flowthrough. The QIAquick
column was centrifuged for 60 seconds and placed into a 1.5 ml microcentrifuge
tube. The purified DNA was eluted with 30 ul Buffer EB by centrifugation for 60

seconds and stored at -20°C.

2.2.7 Escherichia coli (E. coli) transformation and growth conditions

A 30 pl aliquot of DH5a E. coli competent cells was thawed on ice before 5 pl of
plasmid DNA added and incubated on ice for 30 minutes. The cells were heat
shocked for 42°C for 30 seconds and placed back on ice for 2 minutes. LB (Luria-
Bertani) was prepared with 10 g/L tryptone, 10 g/L NaCl and 5 g/L yeast extract
(liquid) and the addition of 1.5% agar for LB agar. The aliquot had 1 ml of liquid
LB added and then incubated at 37°C at 200 rpm for 1 hour. The solution was
spread on LB agar plates with the correct antibiotic and incubated overnight at
37°C. E. coli transformed with pDONR 221 P1-P5r, pDONR 221 P5-P2 or pGGG
vectors were incubated with kanamycin (40 pg/ml). The pAlligator V destination
vector was selected with spectinomycin (70 ug/ml) and the pDONR 207 entry

vector was selected with gentamycin (25 pg/ml).

2.2.8 Site-directed mutagenesis

Site-directed mutagenesis to introduce the R144W mutation into Af{LAZY2 was
performed on a pDONR P5-P2 entry vector containing the Arabidopsis LAZY?2
gene sequence using a Q5 Site-Directed Mutagenesis Kit (NEB). The reaction
mix (Table 2.9) was amplified in a PCR thermocycler (Table 2.10), and then 1 pl
of the PCR product was mixed with 5 yl 2X KLD Reaction Buffer, 1 ul KLD
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Enzyme Mix and 3 pl dH20. 5 pyl of the KLD mix was added to 50 pl of chemically
competent E. coli cells and incubated on ice for 5 minutes. 950 yl SOC media
added to the cells and incubated at 37°C for 1 hour with shaking, before
spreading onto LB agar plates with kanamycin (40 pg/ml) and incubated
overnight at 37°C. The presence of the R144W mutation was confirmed with

Sanger sequencing (Genewiz).

Table 2.9: Site-directed mutagenesis reaction components.

Component Volume (ul)

Q5 Hot Start High-Fidelity 2X Master Mix 12.5

Forward primer (10 uM) 1.25
Reverse primer (10 uM) 1.25
Template DNA 1
dH20 9

Table 2.10: Thermocycling conditions for site-directed mutagenesis.

Step Temperature (°C) Time
Initial denaturation 98 30 seconds
98 10 seconds
25 cycles 59 30 seconds
72 2 minutes
Final extension 72 2 minutes
Hold 4 ]

2.2.9 Gateway cloning
Gateway cloning was used to create the DII-VENUS and mDII-VENUS vectors

for wheat transformation, and for the lazy2 R144W Arabidopsis transformation.
Gateway cloning was used as specific Gateway destination vectors were required
for the respective wheat and Arabidopsis transformation experiments. The
Gateway cloning system uses site-specific recombination to create destination
vectors for transformation. Entry vectors are created by a BP recombination

reaction between a pDONR vector and an attB flanked PCR product to create an
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entry vector with affL sites. The final vector is generated by an LR recombination

reaction between the entry vectors and a destination vector.

N - | ccio | on s B R s ccio | o lave Btte]

pDONR™221
P5-P2

4774 bp

pDONR™221
P1-P5r

4765 bp

¢ = R <

pDONR™ 207
5585 bp

Figure 2.1: Maps of vectors used in Gateway cloning.

Plasmid maps of (a) pDONR221 P1-P5r, (b) pDONR221 P5-P2 and (c) pDONR207
(Invitrogen). The attP recombination sites recombine with attB sites to create attL sites.
ccdB: lethal gene exchanged with gene of interest during BP reactions, Cm":
Chloramphenicol resistance gene. M13 Forward and M13 Reverse: priming sites. pUC
ori: origin of replication. T1 and T2: rmB transcription termination sequences.

To create the DII-VENUS and mDII-VENUS vectors, the published Arabidopsis
DII-VENUS and mDII-VENUS sequences were codon-optimised for wheat using
an online codon optimisation tool. These DII-VENUS and mDII-VENUS
sequences were gene synthesised as entry vectors (Genewiz) and the
sequences were each introduced into pDONR207 vectors via a BP reaction (Fig.
2.1c). The reaction (Table 2.11) was centrifuged and incubated at 25°C overnight.
1 ul of Proteinase K (Invitrogen) was added to inactivate the BP Clonase |l and
incubated at 37°C for 10 minutes. The BP reaction was transformed into
chemically competent E. coli cells and selected with gentamycin (25 pug/ml). The

entry vector was extracted from single colonies grown and digested and
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sequenced to confirm correct vector construction. These DII-VENUS and mDII-
VENUS entry vectors were sent to NIAB (Cambridge) for assembly into

destination vectors for wheat transformation.

Table 2.11: Components for BP reaction.

Component Volume (pl)
Synthesised DNA with aftB sites (15-150 ng) 2
pDONR 207 vector (150 ng/pul) 1
TE Buffer pH 8.0 5
BP Clonase I 2

Two-way multisite Gateway cloning was used for creation of the Arabidopsis
LAZY2:lazy2 (R144W) construct (Fig. 2.1a, b). The pDONR221 P1-P5r and P5-
P2 entry vectors containing the LAZY2 promoter and mutagenized lazy2 R144W
gene sequences were recombined in an LR recombination reaction (Table 2.12)
into the pAlligator V destination vector, a modified pF1P101 vector (Bensmihen
et al.,, 2004). The components were incubated overnight at 25°C, before the
addition of 2 pl Proteinase K. The reaction was incubated at 37°C for 10 minutes,

transformed into E. coli cells and selected with spectinomycin (70 ug/ml).

Table 2.12: Components for LR reaction.

Component Volume (pl)
pDONR221 P1-P5r LAZY?2 promoter entry vector (10 fmoles) 1
pDONR 221 P5-P2 lazy2 (R144W) entry vector (10 fmoles) 1
pAlligator V destination vector (20 fmoles) 0.55
TE Buffer pH 8.0 5.45
LR Clonase Il 2

2.2.10 Golden Gate cloning

Golden Gate cloning allows the assembly of multiple inserts into a vector in one
reaction. The inserts have fragment-specific sequence overhangs to allow
simultaneous assembly of multiple fragments. Golden Gate cloning was used to
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generate the TaqSOR7-A:qSOR1-A, TaqSOR1-A:qsor1-A (R136K) and
ZmUbi:qsor1-D (R135A) vectors for wheat transformation. Goldengate cloning
was used as this was the preferred cloning method for Crop Transformation (John
Innes Centre) which transformed these constructs into wheat.The TagSOR17-A
promoter sequence was amplified from Fielder gDNA, and the gene sequences
were gene synthesised. The ZmuUbi promoter, NosT terminator and
pGoldenGreenGate (pGGG) destination vector were obtained from Crop
Transformation at the John Innes Centre. The 10 pl reaction mix (Table 2.13) was
run in a thermocycler (Table 2.14) and then transformed into chemically
competent E. coli cells and plated on LB agar with kanamycin (40 pg/ml), X-gal
and IPTG (isopropyl B-D-1-thiogalactopyranoside) and incubated overnight at
37°C. Blue-white screening was used to identify successful recombination. The
B-galactosidase enzyme is produced via a-complementation by the lacZ gene
within the /ac operon present in non-recombinant plasmids in E. coli cells (Julin,
2018). B-galactosidase hydrolyses X-gal to form a blue pigment. The recombinant
colonies do not produce a functional B-galactosidase enzyme and so appear
white as a blue pigment is not formed in the presence of X-gal (Julin, 2018).
Single white colonies were selected for inoculation of overnight LB and
kanamycin cultures for plasmid extraction. The miniprepped plasmid was
digested and sequenced with Sanger sequencing (Genewiz) to confirm correct
vector construction before being sent to Crop Transformation at the John Innes

Centre for wheat transformation (Hayta et al., 2021).

Table 2.13: Golden Gate reaction components.

Component Volume (pl)
pGGG destination vector (100 ng/ul) 1
Gene promoter (50 ng/ul) 2
Gene coding sequence (100 ng/ul) 1
NosT terminator (100 ng/ul) 1
T4 DNA Ligase Buffer (10X) 1.5
T4 Ligase 0.5
Bsal (Eco31) 0.5
dH-0 7.5
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Table 2.14: Golden Gate reaction thermocycling conditions.

Temperature (°C) Time
37 5 minutes
16 5 minutes

Go to step 1, 10 times

37 7 minutes
80 10 minutes
4 0

2.2.11 Agrobacterium transformation and growth conditions

A 50 pl aliquot of chemically competent Agrobacterium tumefaciens GV3101
strain cells was thawed and up to 1 ug of plasmid DNA was added. The cells
were heat shocked at 37°C for 5 minutes and 750 ul of liquid LB was added to
the aliquot. The aliquot was incubated at 28°C and with 140 rpm shaking for 4
hours. The aliquot was spread on LB agar plates containing rifampicin (100
pg/ml), gentamycin (25 pg/ml) and spectinomycin (70 ug/ml). The plates were
incubated at 28°C for up to 3 days, and then single colonies were used to
inoculate 5 ml of liquid LB and antibiotics, and incubated at 28°C and 140 rpm for
up to 2 days. 2 ml was transferred to 250 ml of liquid LB and antibiotics in 1 L

flasks and incubated overnight at 28°C and 140 rpm.

2.2.12 Plasmid miniprep

Single E. coli colonies were used for inoculation of 5 ml liquid LB cultures
containing appropriate antibiotics. The cultures were incubated overnight at 37°C
and 200 rpm before plasmid isolation was performed with the Plasmid Mini Kit
(Qiagen). Pelleted bacterial cells were obtained from the 5 ml liquid culture
centrifuged for 10 minutes at 8000 rpm. The pelleted cells were resuspended in
250 ul Buffer P1 and transferred to a microcentrifuge tube. The resuspension had
250 pl Buffer P2 added and mixed by inversion, before addition of 350 pl Buffer
N3 and centrifugation for 10 minutes at 13,000 rpm. 800 pl of the supernatant
was added to a QIAprep 2.0 Spin Column, centrifuged for 30 seconds and
washed with 500 ul Buffer PB. The column was then washed with 750 pl Buffer

PE and centrifuged for 60 seconds, flowthrough discarded and centrifuged again
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for 60 seconds. The DNA was eluted in 50 pl Buffer EB into a 1.5 ml

microcentrifuge tube by centrifugation for 60 seconds.

2.2.13 Restriction digest

Restriction digests of plasmids and DNA fragments were used for genotyping or
to check for correct vector construction. A typical digest (Table 2.15) was set up
and incubated at 37°C for 3 hours (reagents from NEB and ThermoFisher). 2 pl
of loading dye was added to the digest reaction and analysis of the fragments

performed with agarose gel electrophoresis on a 1% agarose gel.

Table 2.15: Restriction digest reaction components.

Component Volume (pl) for a 20 pl reaction
Digest buffer 2
Restriction enzyme 1 0.5
Restriction enzyme 2 0.5
DNA (<1 pg) 5
dH.O 12

2.2.14 Wheat TaqgSOR1-B R132 SNP genotyping

DNA was extracted from wheat leaf tissue harvested at the two-leaf stage. An
879 bp DNA fragment across the SNP site in TagSOR7-B was amplified and
digested with BshTl (ThermoFisher) (Table 2.16). The BshTI restrict site present
in plants with R132W point mutation would result in 2 fragments of 412 bp and
467 bp, whereas DNA fragments from R132 plants would remain undigested (879
bp). Confirmation of the genotyping was performed with Sanger sequencing

(Genewiz) of undigested 879 bp DNA fragments.

Table 2.16: BshTI digestion of TagSOR1-B fragments.

Component

Volume (pl) for a 10 pl reaction

10X FastDigest Buffer

1

BshTI (Agel) 0.2
PCR product (<1 ug) 5
dH20 3.8
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2.2.15 RNA extraction and cDNA synthesis

Wheat cv. Fielder plants were grown on Hoagland’s agar in 245 x 245 mm square
plates for 10 days. Three biological replicates of ~50 pooled lateral root tips, ~50
pooled seminal root tips and wheat shoot tissue sections were harvested with a
scalpel, frozen in liquid nitrogen and stored at -80°C. Samples were ground with
a Tissue Lyser (Qiagen) and RNA was extracted using an E.Z.N.A. Plant RNA kit
(Omega Bio-tek). 500 yl RB Buffer and 2-mercaptoethanol was added to the
samples and vortexed to mix. The lysate was transferred to a Homogenizer Mini
Column in a 2 ml collection tube and centrifuged at 13,000 rpm for 5 minutes. The
cleared lysate was transferred to a 1.5 ml microcentrifuge tube, 1 volume 70%
EtOH added and vortexed to mix. 700 ul of the sample was transferred to a HiBind
RNA Mini Column and centrifuged at 13,000 rpm for 1 minute, this was repeated
to transfer all of the sample. DNA was removed from the sample with on-
membrane DNase | digestion; 73.5 yl E.Z.N.A. DNase Digestion Buffer, 1.5 pl
RNase-free DNase 1 per sample. 500 pl RNA Wash Buffer | was then added and
centrifuged for 30 seconds, The sample was washed twice with 700 uyl RNA Wash
Buffer Il, centrifuged at 13,000 rpm for 2 minutes to dry the column and eluted
with 30 pl nuclease-free water into a 1.5 ml microcentrifuge tube and stored at
-80°C.

cDNA synthesis from 1 ug of RNA was performed using a SuperScript VILO
cDNA Synthesis kit (Invitrogen). 4 ul of SuperScript MasterMix and nuclease-free
water were added to the RNA sample to make the reaction volume up to 20 pl.
The reaction was incubated at 25°C for 10 minutes, 50°C for 10 minutes and
85°C for 5 minutes and stored at -20°C.

2.2.16 Quantitative PCR (qPCR)

Wheat homoeolog-specific primers were designed using the Primer3Plus online
tool and BLAST. Each wheat homoeolog primer was designed to be specific by
containing more than one unique base within the sequence compared to the other
two homoeologs within the triad. Primer sequence specificity to the wheat
homoeolog sequence was checked using PCR with pooled wheat cDNA as a
template to ensure the primer pairs were amplifying a single amplicon.. The
reference gene gPCR primers used were TaActin (Iquebal et al., 2019) and TaEF

(Wu et al., 2015). Primer efficiencies were tested using a 4-point 1:4 dilution



series of pooled cDNA samples with the efficiency equation: E = -1 + 10-1/x
where E is the primer efficiency and x is the line gradient of Ct against log cDNA
concentrations (Rasmussen, 2001). cDNA was diluted 1:20 and amplified by
gPCRin 15 pul reactions in 96-well plates (Table 2.17). The plate was spun for 30
s at 10,000 rpm before the gPCR program was run in a Bio-Rad CFX96 qPCR

machine (Table 2.18).

Table 2.17: Quantitative PCR reaction components.
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Component Volume (pl) per 15 pl reaction
SsoFast EvaGreen Supermix (Bio-Rad) 7.5
Forward primer (10 uM) 0.75
Reverse primer (10 yM) 0.75
cDNA (synthesised from 1 ug of RNA) 1
dH.0 5
Table 2.18: Thermocycling conditions for qPCR.
Step Temperature (°C) Time
Initial denaturation 95 5 minutes
95 5 seconds
45 cycles 60 10 seconds
72 10 seconds
Melt curve 65 - 97

All reactions were performed in triplicate for three biological replicates per tissue
type. The mean Ct values from three qPCR technical replicates for each
homoeolog were normalised against the geometric mean of the TaActin (Iquebal
et al.,, 2019) and TaEF (Wu et al.,, 2015) reference genes to calculate the
normalised relative expression. Statistical analysis was based on the log

transformed normalised expression per sample (Taylor et al., 2019).
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2.2.17 List of primers

Table 2.19: List of primers used in this project.

Use Target Orientation Sequence (5' - 3') Source

FW  |[TCGGTGAACTGTTCATGCGT .
TaLAZY1-Un | oy |cCGGCACCTTTCTCATCCTT This project

FW  |GGCCACGAAGACTATGACGTC -
TalAZY1-B RV |ATGTCATCTTTCTCCGCGATG This project

FW  |GTTCGCCGCCATTAATGTCC —
TalAZY1-D RV |GGCGACGTCATCTTTTTCCG This project

FW  |ACCGGTAGTAGCTCCACACT —
TaDROT-A RV  |ATCGGGATGTGGGAATGAGC This project

FW  |AAACTCATGACCCGCACGAT ..
TaDROT-B RV  |GAAGCAACTGATCTCGGCTTG This project

FW _ |AACTACTCATGCGCAAGGGT -
PCR -
aPC 7aDRO1-D RV |GCTCATCCGGCTTCCAGTCT This project

FW CCGGTCCGGGAGAATAGT

TagSOR1-A RV |CACCTCCTCGATGGTGAAGT This project
FW  |GGGGGTGTCAAGCAGAAT —

TagSORT-B RV |GGCGCTCATCTTCTTTTGAA This project

T2qSOR1-D FW  |CGAGGAGGAGGAAGAGGATT This project

RV CAATGAAATCTGAATCTGTTTTGTC

TaActin FW CAAATCATGTTTGAGACCTTCAATG lquebal et al.. 2019
RV ACCAGAATCCAACACGATACCTG 9 B

FW  |CAGATTGGCAACGGCTACG
TaEF RV  |CGGACAGCAAAACGACCAAG Wuetal, 2015

FW ACTGGGTGCAGAATCGGCTA

Genotyping | TagSOR1-B RV GGCGCTCATCTTCTTTTGAA This project
Coning | " eter | RV |gactacagiectemCGATCCTACTOTCTTCARG | T PoRc
sioarosed| quazre | [CCTCCATRGATCOATCAGTARCC
AR R e

ALLAZY? FW ATGAAGTTCTTCGGGTGGATG This proiect
RV TCATATCTCGAGAACTATGAAATCAGAATC pro}

2.3 Phenotyping experiments

2.3.1 Analysis of wheat root system architecture

RootNav software (Pound et al., 2013) was used for root system architecture
analysis of wheat plants grown in pouches and on agar plates. Pouches were
imaged with a tripod-mounted RICOH GR Il camera and agar plates were imaged
with an Epson Perfection V370 or V800 scanner. The images were processed to
reduce the size below the 5-megapixel threshold required for RootNav. RootNav
software was used to generate RSML (Root System Markup Language) files
which represent root system architecture data (Lobet et al., 2015). RootNav
Portal was used to extract the following root system traits: number of seminal
roots, seminal root length, seminal root emergence angle, seminal root tip angle,

convex hull area and root system width/depth ratio. The pixels/mm value for the
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images was obtained from ImagedJ and used to covert the length measurements
from pixels to millimetres. The mean length of the primary and first pair of seminal
roots (first three roots), mean first pair seminal emergence angle and mean first

pair seminal tip angle measurements were calculated using Excel.

Wheat root systems grown in compost-filled square plates were imaged with an
Epson Perfection V370 scanner and analysis was performed with ImageJ to
measure the angle from vertical of the widest pair of crown roots visible at 50 mm

from root emergence.

2.3.2 Arabidopsis lateral root and wheat seminal and lateral root

growth angle analysis

Arabidopsis plants grown on ATS agar plates and imaged with an Epson
Perfection V370 or V800 scanner. Lateral root growth angle was measured using
ImagedJ as the angle from vertical at Stage Il (0.5 -1 mm) and Stage IV (2.5 -3

mm) away from the lateral and primary root junction.

5-day old wheat plants grown on CYG germination pouches were used for
seminal root growth angle analysis. Seminal angle was measured as degrees
from vertical at certain intervals measured from root emergence with Imaged.
Wheat plants were grown for 9 days for lateral root growth angle analysis. The
angle from vertical was measured for six lateral roots per plant with the lateral
roots measured being the first three lateral roots on both sides of the primary
seminal root. Wheat lateral root growth angle was measured 0.5 — 1 mm away

from the lateral and seminal root junction using ImageJ.

2.3.3 Wheat and rice reorientation experiments

Wheat and rice plants were grown vertically on agar plates for 9 days before
being reorientated by 30° with respect to gravity. Plates were imaged with an
Epson Perfection V370 or V800 scanner prior to reorientation and then imaged
every 12 or 24 hours. For the analysis, downwards bending roots were roots
reorientated above their original growth angle whereas upwards bending roots
were reorientated below their original growth angle. Lateral root angle was
measured using ImagedJ as the angle in degrees from vertical of the last 1 mm

section of the root. Changes in wheat and rice lateral root growth angle over time
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were analysed by measuring lateral root tip angle from images of non-

reorientated plates imaged at 0, 24 and 48 hours.

2.3.4 Compost colander experiments

Quantification of wheat root growth angle was performed using a colander
method first described in Oyanagi et al. (1993b). Wheat seeds were germinated
on wet filter paper in petri dishes and transferred after 2 days into the centre of
20 cm plastic colanders set into compost-filled pots. The colanders were removed
from the pots after 8 weeks and the compost from the outside of the colanders
removed without disturbing the emerging roots. The number of roots that
emerged from each layer of holes in the colander were counted and the
percentage of total roots emerging at each hole layer was calculated and plotted
against the angle that the roots emerged from the colander. The ratio of deep
rooting as described in Uga et al. (2013) was calculated by dividing the number
of roots that emerged between 40° and 0° from vertical (0° = vertically growing
roots), by the total number of roots that emerged from the colander. A higher deep
rooting ratio value shows that a greater proportion of roots grew downwards and

represents a steeper root system.

2.3.5 Wheat shoot phenotyping

Wheat plants were grown to 16 or 18 weeks for shoot phenotyping analysis. The
number of tillers and the number of spikelets for each tiller were recorded and the
tiller length of the main tillers were measured from shoot emergence from the

compost surface to the top of the wheat spike.
2.4 Microscopy

2.4.1 DIC microscopy

Rice and wheat seminal root tips were imaged with a Differential Interference
Contrast (DIC) Zeiss Scope A1 microscope at 10x magnification. Roots were
treated with Lugol solution (Sigma) to stain starch present in the roots and
mounted on glass slides with chloral hydrate solution (8:3:1

choralhydrate:water:glycerol) for imaging.
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2.4.2 Confocal microscopy

Wheat DII-VENUS and mDII-VENUS seminal roots were imaged with 488 nm
(GFP) and 555 nm (PI) lasers using a vertical stage Zeiss LSM 800 confocal
microscope at 10x magnification. Wheat plants were grown vertically for 3 days
on ATS agar plates and then transferred into Lab-Tek borosilicate coverglass
chamber slides. The root cell walls were stained with propidium iodide (PI) prior

to imaging.

A horizontal stage Zeiss LSM880 confocal microscope at 10x magnification was
used to image 4-day old wheat DII-VENUS and mDII-VENUS seminal roots
cleared and fixed with ClearSee for 3 days. Wheat seminal roots were mounted

on slides with water prior to imaging, and all images were processed with Imaged.

2.4.3 Lattice light-sheet imaging

A Zeiss Lattice Lightsheet 7 microscope was used for imaging of 4-day old wheat
DII-VENUS and mDII-VENUS primary seminal roots cleared and fixed with
ClearSee for 4 days. The roots were mounted in water on glass slides and imaged
at 60x magnification with a GFP channel to create a Z-stack. Representative

images from the Z-stack were processed with ImageJ.

2.4.4 Auxin treatment

Wheat DII-VENUS and mDII-VENUS plants were grown vertically for 3 days on
agar plates. Auxin treatment of DII-VENUS and mDII-VENUS wheat plants was
performed by laying the plates horizontally and treating with 1 uM IAA (indole-3-
acetic acid) in 50 ml liquid ATS. A stock solution of IAA was prepared by addition
of indole-3-acetic acid (Sigma) to dimethyl sulfoxide (DMSO), which was then
added to liquid ATS solution to make a 1uM concentration. Mock-treated plants
were treated with liquid ATS containing the same volume of DMSO. The plants
were treated for 3 hours and then transferred to chamber slides before imaging
with a vertical stage Zeiss LSM 800 confocal microscope at 10x magnification
(488nm GFP and 555 nm PI channels). Images of 3 — 4 primary seminal root tips
of DII-VENUS and mDII-VENUS (mock and |IAA-treated) were used for analysis.
The nuclei fluorescence of root cap cells was measured with Imaged, with a circle

of the same area measured for each nucleus.
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2.5 Data analysis

All data analysis and data visualisation were performed with Python in a Jupyter
notebook. Data was plotted using Seaborn and matplotlib data visualisation
libraries. Data was first tested for normality using the Shapiro-Wilk test and
normally distributed data was analysed with parametric tests: a student’s t-test (f)
(2 groups) or a one-way analysis of variance (ANOVA) (F) (more than 2 groups)
followed by Tukey’s honestly significant difference (HSD) post-hoc tests. If the
Shapiro-Wilk test for normality showed that the data was not normally distributed
then the data was analysed using non-parametric Mann-Whitney U (U) or
Kruskal-Wallis (H) tests followed by Dunn’s post-hoc tests. Correlation analysis
of wheat root system traits in the landrace panel was performed using the non-
parametric Spearman's rank correlation coefficient (r) as the phenotypic data

were not normally distributed.
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Chapter 3

Cereal root system architecture & root gravitropism
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Chapter 3: Cereal root system architecture & root gravitropism

3.1 Introduction

Improving nutrient and water uptake is a crucial challenge in crop production as
the outputs of current global agriculture are largely dependent on high inputs of
fertilisers and irrigation (Gomiero et al., 2011). The intensive nature of the system
increases soil erosion, lowers water use efficiency and reduces biodiversity
(Gomiero et al., 2011). Following on from the Green Revolution that began in the
1960s, a ‘second Green Revolution’ was called for to increase yields whilst
reducing the use of fertilisers and other inputs to lower the negative impacts of
modern agriculture (Gomiero et al., 2011). Climate change is leading to higher
global temperatures, increased COz levels and an increase in extreme weather
events (Lobell and Gourdji, 2012).

Improving the extent and depth of plant root systems is proposed to increase
carbon capture and sequestration, to help mitigate some of the impacts of
intensive agriculture and climate change (Kell, 2012). The deeper and more
vertical root system phenotype with few, long lateral roots is known as the ‘steep,
cheap and deep’ root system ideotype. This ideotype is hypothesised to optimise
water and nitrogen uptake from soil (Lynch, 2013). Integrating these traits into
elite crop cultivars could enhance carbon sequestration and nutrient-use
efficiency under lower input conditions for adaptation to changing climates (Gao,
2021, Lynch, 2013).

Important sources of genetic diversity and beneficial traits include wild crop
relatives, and landraces, which are crop varieties cultivated and adapted to the
environmental conditions of a geographical area (Casafias et al., 2017). Modern
cultivars and elite crop varieties have reduced genetic diversity and may have
lost important traits found in more diverse varieties (Wingen et al., 2017).
Landraces can be sources of beneficial traits that are not present in the current
elite germplasm. For example, the yield-improving Rht dwarfing alleles
introduced into wheat cultivars during the Green Revolution originated from ‘Shiro
Daruma’, a Japanese wheat landrace (Cseh et al., 2021). An allele of the maize
Opaque-2 transcriptional activator gene present in a Peruvian landrace was
found to improve protein quality through increasing lysine and tryptophan
production (Dwivedi et al., 2016, Henry et al., 2005).
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These traits can be introduced into current elite cultivars via introgression
breeding programmes, although this is a long-term process which can take 5 to
6 generations (Palmgren et al., 2015). Marker-assisted selection can reduce the
length of the breeding programme where DNA markers associated with target
traits are selected (Palmgren et al., 2015). Identification of trait alleles can be
performed with quantitative trait loci (QTL) analysis or genome-wide association
studies (GWAS) to increase breeding efficiency (Yang et al., 2016). For example,
a QTL on chromosome 6A of durum wheat (Triticum durum) was found to
influence seminal root growth angle in response to water limitation (Alahmad et
al., 2019).

Improving crop root system architecture is proposed to increase soil resource
uptake and crop yields, as roots are crucial for the uptake of soil nutrients and
water resources, particularly in water-limited and low nutrient environments
(Lynch, 2013). Root system architecture or the spatial arrangement of plant roots
in soil determines the efficiency of soil resource uptake as water and nutrients
are not distributed uniformly within the soil (Orman-Ligeza et al., 2013). The
development of root system architecture has a substantial genetic basis but
environmental factors including water availability, light, temperature and gravity
have roles in root system architecture formation (Rich and Watt, 2013).
Understanding the mechanisms and processes which shape plant root system
architecture is key for optimising plant root systems and improving crop yields

under water- and nutrient-limited conditions.

Root phenotyping is a challenge within root system architecture research,
particularly when plants are grown in a soil environment. Root phenotyping within
a 2D controlled growth environment such as agar plates or pouch systems can
allow whole seedling root system visualisation but may not be representative of
root growth in soil. As an alternative, growing plants around the edge of soil-filled
clear pots or soil-filled thin containers allows visualisation of root growth in soil
but is still limited to young plants and a 2D growth environment (Richard et al.,
2015). Root system phenotyping of plants grown in field conditions gives the best
representation of root system architecture. However, current field phenotyping
methodology can be destructive, time-intensive and impractical on a large scale.
Invasive field methods include soil coring and ‘shovelomics’ where mature root

crowns are excavated for root system phenotyping, data collection and analysis
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(York et al., 2019). Growing plants in mesh baskets in the soil and then
quantifying the angles that plant roots emerge from the mesh allows analysis of
plant root growth angle (Oyanagi et al., 1993b, Uga et al., 2013). A non-invasive
root phenotyping method involves using X-ray computed tomography (X-ray CT)
scanning to image plant roots at a high resolution that were grown in soil columns
or grown in the field and transferred into cylinders for scanning (Urfan et al.,
2022). The multiple factors influencing root development mean that growing plant
species in both controlled and field conditions is important for understanding the
different phenotypes shown in different growth environments (Fiorani and Schurr,
2013).

Understanding the mechanisms underlying root gravitropic response pathways in
cereals is essential for crop root system improvement. Gravity is a uniform and
constant force with a large influence in shaping plant root systems through the
root gravitropic response pathway (Rich and Watt, 2013). Plant roots are
positively gravitropic and exhibit downwards growth in the direction of gravity. The
site of root gravity sensing is in the root cap columella cells where starch-filled
amyloplasts known as statoliths act in gravity perception and signalling (Su et al.,
2020). Statoliths localise in the root apex in flowering plants and gymnosperm
seed plants but root apex-localised statoliths are not present in basal plant
lineages, indicating that this feature of the root gravitropic pathway evolved in
seed plants (Zhang et al., 2019). There is spatial separation of gravity sensing
and response sites within the root gravitropism pathway with gravity sensing
occurring in the root cap and the gravitropic response in the root elongation zone
(Su et al., 2020).

In the gravitropic response pathway, statolith sedimentation occurs in the
direction of gravity and triggers a lateral gradient of unequally distributed auxin
resulting in plant organ bending, which is known as the Cholodny-Went
hypothesis (Went and Thimann, 1937). Auxin (indole-3-acetic acid, IAA) is the
major hormone involved in gravitropism and many other developmental
processes (Mockaitis and Estelle, 2008). Auxin transport occurs via non-
directional transport in the phloem or through cell-to-cell polar auxin transport
(Adamowski and Friml, 2015). Auxin is transported out of cells through PIN-
FORMED (PIN) protein efflux transporters and PIN polarity determines the

direction of auxin flow. The main PIN proteins found in the root tip are PIN2, PIN3,
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PIN4 and PIN7 (Kleine-Vehn et al., 2010). Asymmetric flow of auxin from
statocytes causes differences in cell elongation between the upper and lower
sides which results in differential organ growth (Nakamura et al., 2019). The
accumulation of auxin on the lower side of the root elongation zone inhibits lower

side cell elongation and results in downwards root curvature (Band et al., 2012).

Roots which grow vertically downwards such as Arabidopsis primary roots can
be described as having a gravitropic setpoint angle of 0°. Gravitropic setpoint
angle (GSA) is “the angle with respect to gravity at which a plant organ is
maintained at by gravitropism” (Digby and Firn, 1995). The GSA of a plant organ
will change during plant development, for example, the GSA of Arabidopsis lateral
roots became more vertical over time (Digby and Firn, 1995, Roychoudhry et al.,
2013). Lateral roots and shoots are predominantly maintained at non-vertical
GSAs due to the balance between the angle-dependent gravitropic response
auxin flux and the counter-acting upward anti-gravitropic auxin flux (Roychoudhry
et al.,, 2023). In cereals, wheat and rice seminal roots have been shown to
maintain GSAs but the capacity of cereal lateral roots to maintain GSAs has not

been investigated (Kaye, 2018).

The development of auxin reporters in Arabidopsis have allowed visualisation of
auxin flow, signalling and distribution and insight into the gravitropic response
pathway (Brunoud et al., 2012). Auxin reporters have now been generated in
maize, rice and barley but not yet in wheat (Mir et al., 2017, Yang et al., 2017,
Dao et al., 2023). In plants, the presence of auxin induces degradation of Aux/IAA
transcriptional repressor proteins, which enables transcription of ARF-mediated
auxin responsive genes (Maraschin et al., 2009). The Arabidopsis DII-VENUS
auxin signalling reporter contains a degron motif from Aux/IAA28 Domain Il (DIl)
fused to VENUS, a yellow fluorescent protein, which undergoes ubiquitination
and degradation in the presence of auxin (Brunoud et al., 2012). The Arabidopsis
DII-VENUS reporter has been used to demonstrate that auxin redistribution in
roots occurs within minutes following a change in gravity stimulus (Band et al.,
2012).

A large proportion of root gravitropism and root growth angle research has been
performed in Arabidopsis, however, crop plants such as monocot cereal species

differ in root types and root system development compared to the dicotyledonous
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plants (dicots) such as Arabidopsis. Dicots have a primary taproot system from
which lateral roots emerge, and adventitious roots may emerge later in plant
development (Atkinson et al., 2014). Cereals including wheat ( Triticum aestivum),
rice (Oryza sativa) and maize (Zea mays) have fibrous root systems where
embryonic roots first emerge from the seed followed by post-embryonic lateral,
crown and adventitious roots which will form most of the monocot root system
(Atkinson et al., 2014). Adventitious roots in dicots constitute a smaller proportion
of the root system compared to cereal plants (Rich and Watt, 2013). In wheat, up
to seven embryonic seminal roots will form, followed by post-embryonic lateral
and crown roots which initiate from root endodermis or pericycle cells (Orman-
Ligeza et al., 2013, Rich and Watt, 2013). These root system architecture
differences between Arabidopsis and cereals means there are likely to be
differences in the root gravitropic response pathway between these species. This
chapter aimed to investigate root system architecture, root gravitropic setpoint
angle maintenance, and auxin signalling in cereals to work towards the

improvement of crop root system architecture.
The objectives of this chapter were to:

1. Explore wheat root system architecture variation in different growth
environments and within wheat cultivars and landraces.

2. Establish if wheat and rice lateral roots have the capacity to maintain
gravitropic setpoint angles.

3. Create a wheat DII-VENUS auxin signalling reporter and determine a

wheat root confocal imaging protocol.
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3.2 Results

3.2.1 Effects of growth medium on the root system architecture of

three wheat varieties

There are many tools that can be used for root system architecture analysis, with
the Quantitative Plant software database listing 42 different software tools for
plant root system analysis (Lobet et al., 2013). RootNav and ImagedJ have mainly
been used for this project due to these software tools being relatively high
throughput and able to measure a wide range of root traits (Pound et al., 2013).
The three spring bread wheat cultivars ‘Bobwhite’, ‘Cadenza’ and ‘Fielder’ were
grown vertically on germination pouches (Adeleke et al., 2020) for 5 days to
investigate any root system architecture differences between wheat cultivars with
this growth system. The chosen germination pouch growth system was used due
to the high-throughput capability of this method, although it is recognised that this
method is not guaranteed to reflect the eventual mature wheat root system
architecture.These wheat varieties were chosen as they were either used for
other experiments in this project, are commonly used in wheat research or for
wheat gene editing and transformation (Sato et al., 2021, Fernandez-Gémez et
al., 2020, Pellegrineschi et al., 2002).

Six root system traits were analysed as these traits represent many important
root system architecture characteristics; number of seminal roots, convex hull
area, width/depth ratio, first pair seminal root emergence and tip angles, and
mean length of the first three seminal roots to emerge (primary and first pair of
seminal roots). Convex hull area was defined as the area encompassing all root
material of a given plant. When grown in germination pouches, Bobwhite and
Cadenza had similar root system traits in all six traits analysed (Fig. 3.1a)
whereas Fielder had a larger root system, shallower root angles and an increased
number of seminal roots (Fig. 3.1a - g). Seminal root number ranged between 3
— 6 for all three varieties matching previous studies of wheat embryonic root
systems (Rich et al., 2020). Root system width/depth ratio is a ratio between the
maximum width and maximum depth (Fig. 3.1b) and this trait was found to reflect
the seminal emergence and tip angle results (Fig. 3.1f, g). Width/depth ratio is a

standard measurement used in root system analysis and indicates the angle of
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the root system, for example, a shallower root system will have a higher
width/depth ratio (lyer-Pascuzzi et al., 2010).

Although 2D high throughput methods are useful to screen large numbers of
plants, the root architecture data may not always reflect the phenotypes of plants
grown in other growth environments or in field conditions (Wasson et al., 2012).
To explore the root system architecture of wheat plants in different growth
conditions, the same three varieties were grown in agar plates (Fig. 3.2e - h) and
compost-filled plates (Fig. 3.2i - ) for comparison with the germination pouch data
(Fig. 3.2a - d). Fielder had a shallower root system than Bobwhite when grown
on agar or in pouches, however, the root system of Cadenza became wider than
Bobwhite when grown on agar. There were no significant differences between
the plant root systems when grown for 4 weeks in compost-filled plates (Fig. 3.2i
— ). Germination pouches, agar plates and soil growth methods are three of
several different methods that can be used to image seedling root systems
(Richard et al., 2015). Out of the three growth methods used, the germination
pouch method was the best in terms of high throughput set up and efficiency,
ease of imaging and analysis. Comparison of the seedling data obtained from
these methods with mature plant field data would be required to identify the
seedling phenotyping method that best reflects the root phenotype when grown

in field conditions.
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Figure 3.1: Differences in root system architecture between three wheat varieties.

Root system analysis of 5-day wheat varieties ‘Bobwhite’, ‘Cadenza’ and ‘Fielder’
performed with RootNav (a) 5-day old wheat seedling grown vertically on a germination
pouch, scale bar = 10 mm. Black dashed line represents root system maximum width
and maximum depth used to generate (b) width/depth ratio, F = 7.531, p = 0.00132. (c)
number of seminal roots, H = 24.193, p = 5.580 x 10%, (d) convex hull area (mm?)
indicated by white dashed line, F = 16.831, p = 2.192 x 10°. (e) mean root length of first
three (primary and first pair) seminal roots (black and white arrows respectively), F =
5.003, p = 0.0102. (f) first pair seminal emergence angles (degrees from vertical) shown
by black angles, F = 8.198, p = 7.90 x 10 and (g) first pair seminal tip angles (degrees
from vertical) shown by white angles, F = 6.780, p = 0.00239. Statistical analysis was
performed with Shapiro-Wilk and one-way ANOVA and Tukey’s post-hoc tests (b, d — g)
or Kruskal-Wallis and Dunn’s post-hoc tests (c). Letters show significant differences for
each plot; p < 0.05, n = 18 — 20 plants per wheat variety.
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Figure 3.2: Effects of growth medium on wheat root system architecture.

Wheat cv. ‘Bobwhite’ (b, f, j), ‘Cadenza’ (c, g, k) and ‘Fielder’ (d, h, ). (a) Root system
width/depth ratio of 5-day old pouch grown plants (b - d), F=7.531, p = 0.00123, n = 18
— 20 plants per variety. (e) Root system width/depth ratio of 5-day old plants grown on
Hoagland’s agar (f - h), H = 24.424, p = 4.971 x 10®, n = 13 — 19 plants per variety. (i)
Widest crown root angle analysis of 35-day wheat plants grown in compost-filled plates
(G -1, F=3.762, p=0.0569, n = 4 — 5 plants per variety. Statistical analysis was
performed with Shapiro-Wilk and one-way ANOVA and Tukey’s post-hoc tests (a, i) or
Mann-WhitneyU and Dunn’s post-hoc tests (e), scale bars = 10 mm.
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3.2.2 Root system architecture analysis of a wheat landrace panel

The YoGl wheat landrace panel represents a wide range of wheat lines from
different environmental conditions and regions of origin, and the modern wheat
cultivar Paragon was included for comparison (Barratt et al., 2023). The aim of
this analysis was to explore the variation in root system architecture and create
a root trait dataset for the YoGl landrace panel. The wheat lines from this panel
were grown in germination pouches for root system imaging and analysis using
RootNav software (Pound et al., 2013). The same six root system traits were
analysed as the previous experiment (Fig. 3.1); number of seminal roots, convex
hull area, width/depth ratio, first pair seminal root emergence and tip angles, and
mean length of the first three seminal roots to emerge (Table 3.1). There was a
wide phenotypic range in these traits within the landrace panel, as demonstrated
by the minimum and maximum trait example images and data plots (Table 3.1,
Fig. 3.4). The landrace panel had an approximately equal split between spring
and winter varieties (Fig. 3.3a, c, e) and representation from six continents (Fig.
3.3b, d, f).

Correlation analysis of the landrace trait data showed that that some traits were
highly correlated, for example, mean root length and convex hull area (rs = 0.85)
(Fig. 3.4). First pair seminal emergence and tip angles were not well correlated
(rs = 0.16), showing that root emergence angle was not a predictor of root tip
angle in this experiment. The modern cultivar ‘Paragon’ was included for
comparison within the panel of landraces (Fig. 3.4). Paragon is an elite bread
wheat cultivar commonly grown in the UK (Wingen et al., 2017). Paragon had
fewer and longer seminal roots and a larger root system than many of the
landraces (Fig. 3.4), which could be an indicator of the elite cultivar root system

phenotype.
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Table 3.1: Wheat root system architecture traits.

Example trait images of 5-day old wheat landraces grown on germination pouches, scale
bars = 10 mm.

. . Minimum trait Maximum trait
Trait Description
example example

Number of Total number of
seminal roots seminal roots

Area encompassing

Convex hull 5 4
mm all root material of a
area .
given plant
Root system RD.O ! SySte.m
. maximum width
width/depth L
. divided by
ratio :
maximum depth
length of first P 2 A
mm root and first pair of
three .
. seminal roots to
seminal roots
emerge
First pair Mean angle of first
seminal root (° from pair seminal root
emergence vertical) tips relative to
angle vertical

Mean emergence
(° from angle of first pair
vertical) seminal roots

relative to vertical

First pair
seminal root
tip angle
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Figure 3.3: Continent of origin and growth habit distribution in wheat landrace
root system traits.

Distribution plots of three landrace root system traits divided by growth habit (a, ¢, e) and
continent of origin (b, d, f). (a, ¢, €) growth habit: ‘Spring’ n = 152, ‘Winter’ n = 119. (b, d,
f) continent of origin: ‘Asia’ n = 121, ‘Africa’ n = 33, ‘South America’ n = 21, ‘North
America’ n = 12, ‘Oceania’ n = 9, ‘Europe’ n = 75. Selected traits plotted for comparison
(a, b) root system width/depth ratio, (c, d) number of seminal roots and (e, f) Mean root
length of first three seminal roots (primary and first pair of seminal roots), n = 285
landraces, 3 — 10 plants per landrace.
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Figure 3.4: Root system architecture correlation analysis of a wheat landrace
panel.

285 wheat landraces from the YoGl bread wheat landrace panel (Barratt et al., 2023)
were grown in germination pouches and imaging and root system analysis performed at
5 days with RootNav and ImageJ (n = 3 — 10 plants per landrace). Grey circles represent
landraces and pink circles represent modern wheat cultivar ‘Paragon’. Trait distribution
shown with kernel density estimate plots along the diagonal. Statistical analysis was
performed with Spearman’s rank correlation test and values are shown in upper right-
hand side of each scatter plot (rs).

Three steep rooting and three shallow rooting landraces were selected based on
width/depth ratio, seminal emergence angle and tip angle data to understand the
differences in root angle profiles between steep and shallow rooting landraces.
The root growth angles of the first pair of seminal roots were analysed in degrees
from vertical at 10 mm intervals along each root (Fig. 3.5). Paragon had an

approximately median root angle so was plotted for comparison (grey lines, Fig.
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3.5). The steep root angle landraces (Fig. 3.5a, c, e) had root emergence of
approximately 40° and root angle become more vertical down to approximately
20° at the root tip. In comparison, the shallow rooting landraces had similar root
angles at root emergence and at the root tip of 45 — 65° (Fig. 3.5b, d, f). The root
system analysis of this landrace panel displays the diversity in root system
architecture and in root growth angle in wheat, and the potential for using wheat

landraces to incorporate advantageous root traits in breeding programmes.
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Figure 3.5: Root growth angle analysis of steep and shallow rooting wheat
landraces.

(a, ¢, e) 3 steep landrace root systems (YoGlI 141, 271 & 320) and (b, d, f) 3 shallow root
systems (YoGl 065, 112 & 300) selected for further root angle analysis using Imaged, n
=4 — 10 plants per landrace. Seminal root angle from vertical measured every 10 mm
for 60 mm along each first pair of seminal roots. Mean data plotted with root emergence
and root tip angle data measured with RootNav. Grey dashed lines show modern wheat
cultivar ‘Paragon’ (YoGl 350) for comparison to steep rooting landraces (green) and
shallow root angles (blue).
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3.2.3 Wheat and rice root system development & lateral gravitropic

setpoint angles

Wheat and rice are both monocotyledonous plant species with fibrous root
systems, mainly composed of nodal and lateral roots in mature plants (Ouyang
et al., 2020). There are anatomical differences in the roots between the species,
with rice roots found to have larger xylem size and increased endodermis
suberization and lignification (Ouyang et al., 2020). Both species initially form
embryonic roots from the seed; wheat seminal roots (Fig. 3.6a - d) or rice seminal
roots (Fig. 3.6g - j) with post-embryonic lateral and crown/nodal roots forming

later in development (Fig. 3.6d, j).

Lateral roots form a considerable proportion of root system architecture and
function in nutrient and water uptake from the soil (Ouyang et al., 2020). The
lateral roots of Arabidopsis can maintain gravitropic setpoint angles, which are
specific angles maintained with respect to gravity, due to a balance between
gravitropism and an anti-gravitropic offset mechanism (Roychoudhry et al.,
2013). Arabidopsis lateral root GSA becomes more vertical over time as the
lateral roots emerge near horizontal and curve towards the vertical during root
elongation (Mullen and Hangarter, 2003). Wheat and rice plants were grown on
agar for 10 days and then imaged at 24-hour intervals to characterise lateral root
growth angle over time and understand whether this phenomenon occurs in
cereal species. Wheat and rice plants were grown for 10 days as lateral
emergence occurs 6 — 10 days after germination in wheat (Wang et al., 2018a).
Analysis of rice and wheat root systems showed that rice had more horizontal
lateral roots and a larger range in lateral root angle than wheat (Fig. 3.7). Wheat
lateral roots (Fig. 3.7a) became slightly more vertical over time compared to rice
laterals (Fig. 3.7b) which maintained a more horizontal angle throughout the

timeframe.
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Wheat cv. Bobwhite
.E.— ‘ C

Figure 3.6: Wheat and rice root types and root system development.

(a — d) Wheat grown on Hoagland’s agar growth medium; (a) 5 days (b) 7 days (c) 9
days (d) 11 days. (e) Wheat seminal root tip and (f) 8-day old rice seminal root tip after
Lugol staining. (g — j) Rice grown on Yoshida’s agar growth medium; (g) 2 days (h) 5
days (i) 6 days (j) 12 days. Scale bars (a — d, g —j) = 10 mm and scale bars (e, f) = 100
pm.

The reorientation of Arabidopsis lateral roots relative to gravity triggers a
gravitropic response which returns the roots to their original GSA (Roychoudhry
et al., 2013). Lateral root reorientation analysis of wheat and rice showed the
lateral roots of both species were able to return towards their original root growth
angles in upwards and downwards bending roots (Fig. 3.8). These results show
that wheat and rice lateral roots are both capable of GSA maintenance. Wheat
downwards bending lateral roots were able to reach their original growth angle
after 24 hours (Fig. 3.8a — c), whereas wheat upwards bending roots and rice

lateral roots only returned partially towards their original angles (Fig. 3.8).
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Figure 3.7: Change in wheat and rice lateral root growth angles over time.

Wheat and rice plants grown on agar plates for 10 days and (a) wheat lateral root tip
angles and (b) rice lateral root tip angles measured over 48 hours. Statistical analysis
performed within a one-way ANOVA and post-hoc Tukey’s tests, (a) F = 568, p = 2.814
x10%and (b) F=15.471, p =3.219 x 107, n = 29 — 54 roots.

Further reorientation experiments were performed over 48 hours with imaging
every 12 hours, to understand whether the roots of both species would regain
their original GSAs over a longer timeframe (Fig. 3.9). Wheat lateral roots had
already returned to their original GSAs after only 12 hours from reorientation and
then became progressively more vertical at successive timepoints in downwards
bending roots or maintained an angle of approximately 20° in upward bending
roots (Fig. 3.9a, b). In rice, downwards bending lateral roots did not return to their
original GSAs and but maintained an angle more vertical than the reorientated
angle at 0 hours post-reorientation (Fig. 3.9c). Upwards bending rice lateral roots
regained their original GSA at 36 hours after reorientation (Fig. 3.9d). These
findings suggest that both wheat and rice lateral roots show GSA maintenance
but there are likely to be species-specific differences in achieving GSA
maintenance, as wheat lateral roots displayed a more vertical root growth angle
phenotype and a faster return to GSA was observed in comparison to rice lateral

roots.
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Figure 3.8: Wheat and rice lateral roots return towards their original growth
angles after reorientation.

Wheat ‘Bobwhite’ (a — ¢) and rice ‘Nipponbare’ (d — f) plants grown on agar for 10 days
and reorientated by 30° for 24 hours. Plants were imaged at 0 hours (a, d) and 24 hours
(b, e) and root angle analysis performed with ImageJ (c, f), n = 31 — 136 roots from 3
replicates. Upward bending lateral roots are shown by black arrows and downward
bending roots indicated with white arrows. ‘g’ = direction of gravity. Statistical analysis
was performed with one-way ANOVA and Tukey’s post-hoc tests, letters show significant
differences for each plot, p < 0.05, scale bars = 3 mm.
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Figure 3.9: Wheat and rice lateral root growth angle responses to 30°
reorientation over a 48-hour time course.

Wheat ‘Bobwhite’ (a, b) and rice ‘Nipponbare’ (¢, d) plants grown on agar and
reorientated by 30° for 48 hours with imaging every 12 hours. Lateral root angles were
analysed with Imaged for downwards bending (a, ¢) and upwards bending (b, d) roots, n
= 30 — 44 roots from 3 replicates. Statistical analysis was performed with one-way
ANOVA and Tukey’s post-hoc tests, letters show significant differences for each plot, p
< 0.05.
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3.2.4 Visualising auxin fluxes in wheat with a DII-VENUS auxin
signalling reporter

Auxin is the major hormone involved in many developmental processes including
root gravitropism (Mockaitis and Estelle, 2008). Auxin reporters are important
tools to monitor auxin response in plant species (Jedlickova et al., 2022). DII-
VENUS is a degron-based reporter developed in Arabidopsis which reports auxin
input and shows auxin concentration and distribution (JedliCkova et al., 2022). In
the auxin signalling pathway, Aux/IAAs are ubiquitinated and degraded in the
presence of auxin to allow auxin-inducible gene expression (Jedlickova et al.,
2022). The DII-VENUS reporter consists of Domain Il of AUX/IAA28 (DlII) fused
to VENUS, a fast-maturing yellow fluorescent protein. AUX/IAA28 was originally
chosen as this AUX/IAA protein has a relatively long half-life (Brunoud et al.,
2012). The absence of DII-VENUS signal indicates that auxin is present as the
presence of auxin causes DII-VENUS degradation. The mDII-VENUS control line
has a mutation in the degron of domain Il and so does not undergo auxin-

sensitive degradation.

DII-VENUS reporters have been generated in rice (Yang et al., 2017) and maize
(Mir et al., 2017), but a DII-VENUS reporter did not yet exist in wheat. The aim of
this part of the project was to create a wheat DII-VENUS reporter to visualise
auxin distribution in wheat roots, particularly during gravitropism. The DII-VENUS
sequence from the published Arabidopsis reporter (Brunoud et al., 2012), was
codon-optimised for wheat using an online codon optimisation tool. The
sequences were synthesised into as entry vectors (Genewiz) for cloning
downstream of the maize ubiquitin-1 promoter (ZmuUbi). Species-specific codon
optimisation can increase transgene expression in cereals (Feike et al., 2019)
and the ZmUbi promoter is known to have good constitutive expression in wheat
although some variability between lines has been reported (Rooke et al., 2000).
The DII-VENUS and mDII-VENUS constructs (Fig. 3.10a) were introduced into
pDONR207 using Gateway cloning. Restriction digests (Fig. 3.10b) and
sequencing were performed to check correct assembly before wheat cv. ‘Fielder
transformation and copy number evaluation was performed at NIAB (Cambridge).
The single copy number DII-VENUS and mDII-VENUS lines were screened for
fluorescence using confocal microscopy and the lines with strong VENUS signal

were used for further experiments.
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Figure 3.10: Schematic diagram of DII-VENUS plasmid DNA fragments from
EcoRV and Xhol double restriction digest.

(a) pPDONR207 backbone with DII-VENUS-N7 insert at attL1 and attL2 site. DIlI: AtIAA28
degron, VENUS: yellow fluorescent protein, N7: a nuclear localisation sequence, GmR:
Gentamycin resistance. P > L indicates DIl degron mutation site in mDII-VENUS which
prevents auxin-dependent degradation. Labelled restriction sites indicate enzymes used
in double digestion (EcoRV, Xhol). (b) Agarose gel showing restriction digest fragments
of pDONR207-DII-VENUS and pDONR207-mDII-VENUS plasmids from independent
miniprepped colonies. The left-hand side shows 1kb+ ladder and right-hand side shows
digest fragment sizes. Black arrows: plasmids selected for use in wheat transformation.

Transgene products or position effects of overexpression constructs transformed
into wheat can have deleterious side effects and pleiotropic phenotypes such as
dwarfing or chlorosis (Brunner et al., 2011). To check the DII-VENUS wheat
phenotypes, transformed lines with strong DII-VENUS signal were grown to
maturity for phenotyping. The DII-VENUS, mDII-VENUS and non-transformed
control plants showed no differences in number of tillers or number of spikelets
(Fig. 3.11a, c¢). The transformed DII-VENUS and mDII-VENUS lines had shorter
tillers than the control but no difference between the two transformed lines (Fig.
3.11b).
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Figure 3.11: No differences in the shoot phenotypes of wheat DII-VENUS and
mDII-VENUS lines.

The (a) number of tillers, (b) number of spikelets and (c) tiller height were measured from
DII-VENUS, mDII-VENUS and Fielder (untransformed background) plants at 18 weeks
(n =15 - 32 plants). Error bars in (a) = 95% confidence interval. Statistical analysis was
performed with one-way ANOVA and Tukey’s post-hoc tests, letters show significant
differences for each plot, p < 0.05.

Confocal imaging of live wheat roots is a difficult challenge compared to
Arabidopsis due to the thickness of the roots even at the seedling stage. Plant
species with thicker root systems are often fixed and sectioned for confocal
fluorescence imaging of cell structures (Dyachok et al., 2016), but this does not
allow for live cell imaging. Wildtype wheat cv. ‘Fielder’ seedlings were grown in
chambered slides on agar to trial a method for live wheat root imaging. Once the
first three seminal roots had emerged, the roots were stained with propidium
iodide (PI) and imaged on a horizontal stage confocal at 3 days (Fig. 3.12a). This

set up allowed vertical confocal imaging of the root tip, but signal was restricted
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to the outer edge of the root when imaging at the centre of the root (Fig. 3.12b,

Figure 3.12: Developing a technique for wheat root confocal microscopy
imaging.

(a) 3-day old wildtype ‘Fielder’ wheat seedling on ATS agar within a chambered slide
(Lab-Tek 1.0). (b, c) Seminal roots imaged at 3 days following PI staining. Scale bars =
(@) 10 mm, (b, c) 100 pm.

To confirm that VENUS fluorescence could be seen with this confocal set up
trialled with wildtype wheat cv ‘Fielder’ (Fig. 3.12), DII-VENUS and mDII-VENUS
plant primary seminal roots were imaged with Pl staining to visualise the plant
cell walls (Fig. 3.13). The confocal imaging was unable to reach the centre of the
root due to root thickness, so imaging was restricted to the root epidermis to be
able to observe DII-VENUS signal. Strong nuclear-localised signal could be seen
in the mDII-VENUS lines throughout the root tip (Fig. 3.13d, while the DII-VENUS
signal was predominantly found in the root cap columella cells (Fig. 3.13a, b) or
the root epidermis (Fig. 3.13c). No signal was seen in the non-transformed control

plant seminal roots (Fig. 3.13f — h).

Clearing and fixing root tissue was hypothesised to allow improved imaging into
the centre of the root, so DII-VENUS, mDII-VENUS and non-transformed control
plants were fixed and incubated for 3 days with ClearSee clearing solution.
ClearSee reduces chlorophyll autofluorescence whilst maintaining stability of
fluorescent proteins including VENUS (Kurihara et al., 2015). Confocal imaging
of these samples showed similar fluorescence patterns as the imaging of live
roots (Fig. 3.13). DII-VENUS signal was restricted to the root cap and root
epidermis (Fig. 3.14a — c), whilst strong signal was seen throughout the mDII-

VENUS roots (Fig. 3.14d — f). The control roots showed some possible
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autofluorescence signal along the outer root edges, but no nuclear-localised

signal was observed (Fig. 3.14g, h).

DII-VENUS

mDII-VENUS

Control

Figure 3.13: Visualising wheat DII-VENUS root tips with confocal imaging.

Vertical stage confocal (LSM800) imaging of 3-day old ‘Fielder wheat seedlings
transformed with DII-VENUS (a — ¢) or mDII-VENUS (d - e) constructs, and non-
transformed control plants (f - h). Plants were grown on ATS agar plates and transferred
on agar into chamber slides for seminal root imaging following PI staining, scale bars =
100 pum.
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Figure 3.14: Wheat DII-VENUS and mDII-VENUS seminal roots fixed and
incubated with ClearSee.

4-day old plants were fixed and incubated with ClearSee for 3 days. Seminal roots were
imaged on slides with horizontal stage confocal (LSM880). (a — c¢) DII-VENUS (d — f)
mDII-VENUS (g — h) control non-transformed wheat cv. Fielder roots, scale bars = 100
pm.

Lattice light-sheet microscopy allows high speed and low phototoxicity three-
dimensional (3D) imaging at a very high resolution (Chen et al., 2014). Fixed and
cleared DII-VENUS and mDII-VENUS seminal roots were imaged using a lattice
light-sheet to generate a 3D reconstruction of the roots. This imaging method
allowed deeper imaging of the seminal roots, but the same limited signal
distribution was seen in DII-VENUS with nuclear signal on the root epidermis (Fig.
3.15a) but not further in the root (Fig. 3.15b). There is potential cell wall
fluorescence within the DII-VENUS root, which was not present in mDII-VENUS
(Fig. 3.15c) or the control roots (Fig. 3.15d).
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DII-VENUS DII-VENUS

mDII-VENUS

Figure 3.15: Lattice light-sheet imaging of wheat DII-VENUS and mDII-VENUS
seminal roots.

4-day old seminal roots expressing (a, b) DII-VENUS, (c) mDII-VENUS or (d) non-
transformed control roots fixed and incubated in ClearSee for 4 days before 60x imaging
(Zeiss lattice lightsheet 7).
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These imaging experiments trialled a wide range of techniques to image
transformed fluorescent wheat root tissue. The lack of improvement in imaging
nuclear signal in DII-VENUS roots with fixing and clearing or the lattice light-sheet
microscopy indicates that DII-VENUS signal may be restricted to the root cap and
root epidermal cells. Therefore, DII-VENUS roots were treated with IAA and the
nuclear fluorescence analysed to test the sensitivity to auxin in the root cap, due

to the lack of signal elsewhere within the root.

Nuclear-localised signal was present in non-treated DII-VENUS roots, but no
signal was found in DII-VENUS roots treated with 1 ym IAA (Fig. 3.16a, b). mDII-
VENUS roots showed consistent strong signal with or without presence of IAA
treatment (Fig. 3.16c¢, d). Analysis of nuclei fluorescence within the root cap cells
showed a clear reduction in fluorescence of IAA-treated DII-VENUS seminal
roots (Fig. 3.16e). These results suggest that the wheat DII-VENUS reporter line
responds to auxin application by degradation of VENUS-tagged DIl protein and
that the reporter can be used to visualise auxin distribution. The constant mDII-
VENUS signal shows the reliability of this line as a control for the DII-VENUS

reporter.
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Figure 3.16: IAA treatment removes nuclear DII-VENUS fluorescence.

Nuclear fluorescence of wheat root cap cells (n = 36 — 68) measured for 3 — 4 wheat
primary seminal roots per treatment and genotype. DII-VENUS (a, b) and mDII-VENUS
(c, d) roots treated with DMSO (mock; a, c) or 1 um IAA (b, d), scale bars = 100 ym. (e)
nuclei fluorescence analysis of mock and 1 ym |AA treated DII-VENUS and mDII-VENUS
roots using ImagedJ. Statistical analysis was performed with one-way ANOVA and
Tukey’s post-hoc tests, letters show significant differences, p < 0.05.
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3.3 Discussion

3.3.1 Variation within wheat root system architecture

There are many factors that influence root development and shape root system
architecture. Roots are the interface between the plant and the soil environment
and play a major role in nutrient uptake and plant yield. The interactions between
environmental and genetic factors result in unique architecture and variation
within the same plant species (de Dorlodot et al., 2007). Three UK hexaploid
spring wheat varieties; Bobwhite, Cadenza and Fielder were grown to investigate
variation in root system architecture between these varieties, which are widely
used in research and crop transformation (Sato et al., 2021, Fernandez-Gémez
et al., 2020, Pellegrineschi et al., 2002). Root system analysis showed the root
system of wheat cv. ‘Fielder was shallower and covered a larger surface area

compared to the other two varieties (Fig. 3.1).

Growing the same wheat variety using three growth methods; hydroponic
germination pouches, agar plates and compost-filled clear plates, showed
differences in root system architecture (Fig. 3.2). This experiment focused on root
system width/depth ratio as maximum width and depth are the simplest
measurements to summarise the root system, and so a valuable trait to describe
root system structure (Lobet et al.,, 2017). A previous study found genotype-
specific modulation of root architecture when grown in different mediums and
hypothesised that the homogenously available nutrients in the hydroponic culture
could cause root architecture differences between this growth method and soil
systems (Sinha et al., 2018). The germination pouch and agar plate growth
methods would both have had homogenously distributed nutrients but there were
differences seen in root architecture between these growth methods. Bobwhite
maintained a similar root system width/depth ratio when grown on pouches or on
agar plates, whereas Cadenza had a relatively shallower root system when grown
on plates. These root trait differences between the varieties means that other
environmental or genetic factors may have influenced the root phenotypes as well

as the growth method used.

Germination pouches were found to be the best growth method for further large-
scale root phenotyping experiments as they required less space and were quick

to set up. The scarcity of high-throughput root phenotyping methods is a barrier



77

for root architecture research and root system improvement in crop breeding
(Ober et al., 2021). Plant root traits grown under controlled conditions do not
always translate to field conditions, and seedling root phenotypes are not always
seen in mature plants (Ober et al., 2021). However, it is often not possible to
phenotype large numbers of plants in 3D soil environment due to the resources
and facilities required (de Dorlodot et al., 2007). Root system architecture traits
are not often focussed on within modern crop breeding programmes due to root
phenotyping challenges (Mathew and Shimelis, 2022). Root system architecture
is a key plant trait so understanding cereal seedling root architecture under
controlled conditions is still a valuable aim whilst working towards improving crop

yields.

The YoGl wheat landrace panel represents wheat diversity from across the world
(Barratt et al., 2023). The 281 landraces screened here show a wide variation in
root traits including seminal root number, root system convex hull area and
seminal root growth angle (Fig. 3.4). Landraces with steepest or shallowest
seminal emergence and tip angles were identified for further seminal root angle
analysis, which showed clear differences in growth angle along the root profiles
between the steep and shallow rooting landraces (Fig. 3.5). Root growth angle
determines overall root system architecture phenotype, and a steeper root
system is proposed to optimize water and nitrogen uptake from deeper soil layers
(Lynch, 2013). Alternatively, shallow root systems have been shown to increase
shoot biomass in common bean (Phaseolus vulgaris) in a phosphorus-limited
environment (Miguel et al., 2015). The natural variation found in landraces is an
important source of beneficial traits which could be introduced into elite cultivars

via introgression line development (Ober et al., 2021).

3.3.2 Gravitropic setpoint angle maintenance between wheat and

rice lateral roots

Arabidopsis non-vertical roots and shoots are maintained at gravitropic setpoint
angles (GSAs) due to an interaction between the gravitropic response and angle-
independent antigravitropic offset (Roychoudhry et al., 2023). This chapter found
that wheat and rice lateral roots both showed GSA maintenance (Fig. 3.8), which
fits with previous findings that non-vertical wheat seminal roots and rice crown

roots can maintain GSAs (Kaye, 2018). Wheat lateral roots showed a faster return
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to their original growth angle (12 hours or less) compared to 36 hours in rice and
rice lateral roots had a more horizontal growth angle than wheat (Fig. 3.9). These
differing lateral root phenotypes could be due to differences in their growth habit
leading to change in root gravitropic responses. Nipponbare is a Japanese
lowland rice cultivar (Fukuoka and Okuno, 2001), usually grown in waterlogged
soils whereas wheat is usually grown in drier conditions. Lowland rice varieties
have been documented as having shallow root systems with high numbers of thin
roots (Courtois et al., 2013), so further insight into rice root gravitropic responses
could be gained from comparing these Nipponbare lateral root GSA findings with

upland rice cultivars.

3.3.3 Challenges and opportunities of developing a wheat DII-VENUS

reporter

The final section of this chapter reports on the creation of a wheat DII-VENUS
auxin reporter line (Fig. 3.16), which have previously been developed in
Arabidopsis (Brunoud et al., 2012), maize (Mir et al., 2017) and rice (Yang et al.,
2017). Auxin regulates many aspects of wheat development and there are 23
Auxin Response Factors (TaARFs) present in wheat (Qiao et al., 2018). One
study found that overexpressing an auxin biosynthetic gene (TaTAR2.1-3A) in
wheat increased plant height and grain yield, so having a wheat auxin reporter
would be greatly beneficial to understand auxin concentration and distribution in
wheat. Crossing wheat DII-VENUS with gravitropic or other auxin-related mutants
would allow insight into auxin localisation during gravitropism and further
understanding of the cellular processes occurring within the plant. Despite the
successful creation of this wheat auxin reporter, the challenges of live imaging
thicker tissues need to be addressed to be able to take full advantage of this tool.
The lack of DII-VENUS signal within the root tip (outside of the root cap and
epidermis) could be due to an inability to image far enough into the root or the
presence of auxin degrading any signal within this area. Non-constitutive DII-
VENUS expression is a possibility, however, the strong constitutive expression
across the mDII-VENUS roots suggests that this is not likely to be the case. Two-
photon excitation microscopy (multiphoton microscopy) allows deeper and high-

resolution imaging of living tissues compared to confocal microscopy (Mizuta,
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2021), which may be required for in depth imaging of this wheat auxin reporter

line.

If the native auxin levels within wheat DII-VENUS seminal roots cause DII-
VENUS degradation, then an alternative transcriptional auxin reporter such as
DR5 may be needed to visualise auxin distribution. DR5 consists of Auxin
Response Elements (AuxREs) fused to a reporter such as a fluorescent protein
or luciferase to show the sites of transcriptional auxin response (Ulmasov et al.,
1997). DII-VENUS only allows semi-quantitative analysis of auxin levels whereas
R2D2 combines DII-VENUS and mDII-VENUS within the same plant and allows
ratiometric analysis of DII-VENUS and mDII-ntdTomato fluorescence (Liao et al.,
2015). An advantage of DII-VENUS and R2D2 reporters is that they can show
auxin accumulation that does not lead to gene activation via AuxREs (Liao et al.,
2015).

Future wheat auxin research may need to use different reporters; however, wheat
DII-VENUS will still be a valuable tool and starting point for further development.
For example, crossing wheat DII-VENUS with wheat root growth angle mutants
would allow understanding of wheat auxin localisation and whether the root
growth angle mutant phenotypes were caused by changes in auxin distribution.
In Arabidopsis, DII-VENUS was introduced into an Atdro1 (Atlazy4) mutant to
discover that the loss-of-function dro1 mutation caused an impairment of DII-
VENUS gradient establishment (Waite et al., 2020).

This chapter gave insight into the variation that exists with the root system
architecture of bread wheat varieties and a landrace panel, and different trait
measurements for phenotyping root systems. The reorientation experiments
showed the capability and distinctions between wheat and rice lateral root
gravitropic setpoint angles and response to reorientation with respect to gravity.
Finally, the creation and imaging of a novel wheat DII-VENUS auxin signalling
reporter was demonstrated, which will be an important tool for wheat gravitropism
research and many other developmental processes. Gaining understanding of
the molecular basis underlying cereal root system architecture and root
gravitropism will be important to further our knowledge for optimising root systems

to improve crop yields.
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Chapter 4

Characterising the genetic diversity of the wheat LAZY gene

family
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Chapter 4: Characterising the genetic diversity of the wheat

LAZY gene family

4.1 Introduction

Understanding the molecular basis of root system architecture is crucial for
optimising crop plant growth and improving yields in a changing climate. One
gene family involved in shaping root and shoot architecture is the LAZY gene
family which play important roles in growth angle control and gravitropism (Waite
and Dardick, 2021). The first LAZY gene to be identified was LAZY1 (LA1) in rice,
which has functions in shoot gravitropism and rice tiller angle regulation (Table
4.2) (Li et al., 2007). Other LAZY genes including LAZY2 and LAZY4 are
predominantly associated with root angle control (Yoshihara and Spalding, 2017).
The LAZY genes are part of the wider IGT family which also includes the TAC1
(TILLER ANGLE CONTROL 1) genes. TAC1 controls shoot growth angle in plant
species including Arabidopsis, rice and peach (Prunus persica) (Yu et al., 2007,
Dardick et al., 2013).

LAZY genes could be valuable for future crop improvement as overexpression of
rice DRO1 (DEEPER ROOTING 1) has been shown to increase root system
verticality and improve drought avoidance and grain yield in water-limited
conditions (Uga et al., 2013). Rice DRO1 is a member of the LAZY family (Table
4.2), and OsDRO1 exhibits high expression in rice root tips and plays a crucial
role in root growth angle regulation. A rice variety with a truncated version of
DRO1 gives shallow rooting, whereas DRO1 overexpression leads to increased
root verticality (Uga et al., 2013). LAZY family genes are good candidates for use
in crop breeding as they are highly conserved and have been identified and
characterised in a wide range of plant species including rice, Arabidopsis, maize,
soybean (Glycine max), Lotus japonicus and Medicago truncatula (Yoshihara et
al., 2013, Ge and Chen, 2016).

Despite the global importance of wheat as one of the three main cereal crops
contributing almost 50% of calories in the human diet (Milani et al., 2022),, there
have been relatively limited studies on the wheat LAZY family. A LAZY1 ortholog
in wheat was first identified through sequence alignment with rice LAZY1, along

with orthologs in sorghum (Sorghum bicolor) and maize (Li et al., 2007). More
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recently, further wheat genes within the LAZY family have been identified. Wheat
DRO1-like (TaDRO1) homoeologs were discovered and found to interact with
TOPLESS proteins, a repressor of auxin-regulated gene via a C-terminus EAR
motif (Ashraf et al., 2019).

A rice DRO1 homolog associated with root growth angle was identified and
named qSORT1 (quantitative trait locus for SOIL SURFACE ROOTING 1) (Table
4.2) (Kitomi et al., 2020). Rice gSOR1 is expressed in root columella cells and
rice plants with a loss-of-function gsor1 allele have shallower root angles and soil
surface roots. This gSOR1 gene has orthologs in wheat; TagSOR1-A, TagSOR1-
B and TagSOR1-D (Kitomi et al., 2020). Sequence alignment of wheat DRO1 and
gSOR1 homoeologs shows these genes are similar to Arabidopsis LAZY2 and
LAZY4 (Appendix 2) (Kitomi et al., 2020). The entire wheat IGT family including
TaTAC1 as well as the wheat LAZY genes; TaLAZY1, TaDRO1 and TaqgSOR1
(TaDROZ2) homoeologs were identified and characterised for the first time
(Rasool et al., 2023). Despite the presence of twelve LAZY and TAC1
homoeologs in wheat, the study of wheat LAZY molecular interactions has been
limited to only the TaDRO1 homoeologs (Ashraf et al., 2019). In this chapter,
wheat IGT nomenclature from Kitomi et al. (2020) and Rasool et al. (2023) will be
used (Table 4.1).
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Table 4.1: Wheat LAZY gene family nomenclature.

The wheat LAZY gene nomenclature used in this thesis will be from Rasool et al. (2023),
except for the TagSOR1 homoeologs which were first named in Kitomi et al. (2020).

Gene name Other name(s) Gene ID
TaLAZY1-Un (A) (Rasool et al., 2023) TraesCSU02G083100
TaLAZY1-B (Rasool et al., 2023) TalLA1 (Lietal., 2007) TraesCS6B02G461400
TaLAZY1-D (Rasool et al., 2023) TraesCS6D02G 396500

TaADRO1-like (Ashraf et al., 2019), TraesCS5A02G 213300

TaDRO1-A (Rasool et al., 2023) TaADRO1 (Kitomi et al., 2020)

TaDRO1-B (Rasool et al., 2023) TaBDRO1-like (Ashraf etal., 2019) | TraesCS5B02G210500
TaDRO1-D (Rasool et al., 2023) TaDDRO1-like (Ashraf et al., 2019) | TraesCS5D02G218700
TagSOR1-A ;‘;’g‘;%%’ﬂ ({gggg";l‘zttjij,zz%zz?)’ TraesCS2A02G 169900
TagSOR1-B TaDRO2-B (Rasool et al., 2023) TraesCS2B02G 196200
TagSOR1-D TaDRO2-D (Rasool etal., 2023) | TraesCS2D02G177400
TaTAC1-A (Rasool et al., 2023) TraesCS5A02G316400
TaTAC1-B (Rasool et al., 2023) TraesCS5A02G316900
TaTAC1-D (Rasool et al., 2023) TraesCS5002G322600

LAZY genes have different expression patterns in different plant tissues.
AILAZY1 mainly functions in shoot gravitropism with /lazy1 loss-of-function
mutants having more horizontal shoot branch angles (Yoshihara et al., 2013).
The loss of LAZY1 in rice alters polar auxin transport and shoot auxin distribution
(Lietal., 2007), and LAZY1 is thought to act in the gravitropism pathway between
gravity sensing and auxin redistribution (Yoshihara et al., 2013). LAZY1 is cell
membrane and nuclear localised and is essential for the redistribution of auxin
following gravitropic stimulation in rice, maize and Arabidopsis shoots (Li et al.,
2007, Dong et al., 2013, Che et al., 2023). A{LAZY?2, AtLAZY3 and AtLAZY4 have
roles in root gravitropism (Yoshihara and Spalding, 2017) and are expressed in
root statocytes (Taniguchi et al., 2017, Furutani et al., 2020). Arabidopsis lazy2
lazy3 lazy4 triple mutants exhibit negative gravitropism with upwards growing
roots (Ge and Chen, 2019). LAZY4 overexpression leads to deeper rooting

phenotypes in Arabidopsis and plum (Prunus domestica) (Guseman et al., 2017).
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AILAZY2 and AtLAZY4 have predominantly root-specific expression in root
statocyte columella cells and root vasculature (Taniguchi et al., 2017). In the
columella cells, LAZY2 and LAZY4 are located on the plasma membrane in the
direction of gravity, and they repolarise following a change in gravity stimulus in
the lateral root columella cells (Furutani et al., 2020). Recently, LAZY proteins
were shown to specifically localise to amyloplast sites at the plasma membrane
and act as signal transmitters of statolith localisation and gravity direction in the

gravitropic pathway (Nishimura et al., 2023).

LAZY genes contain up to five conserved domains (Yoshihara et al., 2013). In
Arabidopsis there are six LAZY genes, with LAZY1, LAZY2, LAZY4 and LAZY6
containing all five conserved domains. Conserved domain | at the N-terminus is
needed for LAZY1 localisation to the plasma membrane and control of shoot
branch angle (Yoshihara and Spalding, 2020). Domain Il contains a conserved
1IGT’ [GeL(A/T)IGT] motif which is present in all IGT family genes (Dardick et al.,
2013). LAZY domains Il and IV are less well conserved, with LAZY2 and LAZY4
containing a longer version of domain Ill named extended domain Ill (D3X)
(Binns, 2022). Mutating domains Il and IV in LAZY1 had a lesser effect on shoot
phenotype than domains I, Il or V (Yoshihara and Spalding, 2020).

LAZY domain V was named CCL (conserved C terminus in LAZY1 family
proteins) due to the domain’s high sequence similarity in all LAZY proteins
(Taniguchi et al., 2017). The LAZY CCL domain interacts with the BRX domain
of RCC1-like domain (RLD) proteins to recruit RLD from the cytoplasm to the
plasma membrane following gravistimulation (Furutani et al., 2020). The CCL
domain contains an EAR-like motif (ethylene-responsive element binding factor-
associated amphiphilic repression), which is one of the most common
transcriptional repression motifs in plants (Chow et al., 2023). EAR motif-
containing proteins negatively regulate genes that have many different functions
in plant growth and development (Chow et al., 2023). The EAR motif was found
to be essential for LAZY4 function, as overexpressing LAZY4 gives a steeper
rooting phenotype but overexpressing a truncated LAZY4 lacking an EAR motif
yields a wildtype phenotype (Guseman et al., 2017). Expressing only the C-

terminal region in Arabidopsis /azy mutants was able to reverse primary root
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growth direction showing that domain V is crucial for LAZY function (Taniguchi et
al., 2017).

Steeper and deeper root system architecture has been shown to improve water
and nitrogen uptake from the soil and improve crop yields in drought conditions
(Uga et al.,, 2013). The LAZY genes could help to create improved root
phenotypes as demonstrated by the lazy4D steeper rooting Arabidopsis mutant
(Binns, 2022). The lazy4D mutant has a more vertical lateral root phenotype due
to a dominant gain-of-function substitution (R745K) mutation within LAZY4
extended domain Ill (D3X) (Binns, 2022). Arabidopsis LAZY2 and LAZY4 both
contain this conserved D3X which has been shown to be important in lateral root
growth angle control (Binns, 2022). Mutating the same residue in LAZY?2 also
gives a steeper lateral root angle phenotype (Binns, 2022), showing that domain
[l is important for LAZY2 and LAZY4 roles in root gravitropism. The dominant
nature of the lazy4D mutation has great potential for use in hexaploid wheat as
the effects of single genome mutations can often be masked by the other genome
homoeologs in wheat (Krasileva et al., 2017). The aim of this chapter was to
investigate the functions of the wheat LAZY genes to determine if these genes
and the lazy4D mutation could be used for optimising wheat root system

architecture.

The objectives of this chapter were to:

1. Analyse wheat LAZY family homoeolog sequence conservation and
expression within the shoots and roots of wheat.
2. Determine if the lazy4D mutation in wheat influences lateral root

branching angle.
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4.2 Results

4.2.1 Wheat LAZY gene family sequence and conserved domain
analysis

The defining feature of the IGT gene family which includes the LAZY and TAC1
genes is the conserved ‘IGT’ [GoL(A/T)IGT motif, thought to be present across
plant species (Dardick et al., 2013). Analysis of the wheat LAZY family shows
that all genes contain [pLxIGT@G], a variation on the original motif (Fig. 4.1, Table
4.2). This may indicate that the residues in the original IGT motif are not all
essential for LAZY domain |l function and that the terminal Glycine residue could
also be important within this domain. Domains |, Il and IV are less well conserved
in comparison to domains Il and V across the wheat LAZY homoeologs (Fig. 4.1).
The D3X domain found in AfLAZY2 and AtLAZY4 (Binns, 2022) is highly
conserved across all TagSOR1 homoeologs but to a lesser extent in TaDRO1
homoeologs and not present in TaLAZY1 homoeologs (Fig. 4.1). There are two
TaLAZY1 homoeologs on chromosomes 6B and 6D (Table 4.2) (Rasool et al.,
2023). A search of the IWGSC CS RefSeq v2.1 assembly showed that the

published TaLAZY1-Un homoeolog is located on chromosome 6A.
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AtLAZY1 327 KRCIQYE--—-- LR--- S SRSMKNGE H{fgagn = o) F g
0sLAZY1 379 CC-TNGAFGASSPG-GNABMNENK sERe A7 igng |
TaLAZY1-Un 340 CCCTKRSFNASPVDDGGEILNERKSEHTmNn R gna
TaLAZY1-B 350 CCCTKRSFSASPVDDGGEILNERKSEHICNNAR soypna
TaLAZY1-D 340 CCCTKRSFSASPVDDVGEILNEEK SEHIFReNnA B e gaa ]

AtLAZYZ2 264 LKSEEEE ————— HWVI’{TDSDFIVLEI
AtLAZY{ 260 LKNBEE----------- E @RI DG KWK TDSDE IV
0sDRO1 220 EINECLE----- Br-- - LRDOLDER G |
0sgSORI1 262 MQREHLH----- DhEDDIANAE DI WK TDSDF IVLEM
TaDRO1-A 220 EINBCLE--—-- DS AN®ID D < K TDSDE 1VLEM
TaDRO1-B 219 EINBCLE----- DL AN MDDl 1K TDSDF IVLEM
TaDRO1-D 220 EINBCLE--—-- DRSS AAN®NID DA < K TDSDE 1V LEM
TagSOR1-A 248 IQMEGHH----- DIl DISMGE D < /8K TDSDF IVLE
TagSOR1-B 243 IQMEGRH----- DB DISNGE DI WBK TDSDEF IV

TagSORI-D 247 IQMEGRH-—--- Dttt DY@MIE Digg < VBK TDSDF IVLE

Figure 4.1: Protein alignment of Arabidopsis, rice wheat LAZY gene sequences.

Protein sequences (EnsemblPlants) aligned and shaded with T-Coffee and Boxshade.
Black shading shows 100% conservation and grey shading shows weak conservation.
Gene IDs can be found in Table 4.1. Gene nomenclature for Arabidopsis LAZY genes
from Yoshihara and Spalding (2017), rice and wheat LAZY1, DRO1 and qSOR1 genes
from Kitomi et al. (2020), Rasool et al. (2023). Blue lines and roman numerals indicate
LAZY conserved domains and orange line indicates extended domain Il (D3X) (Binns,
2022).

lazy4D region
Extended domain Il (D3X)

LAZY

Domain Il Domain V
IGT motif LxLxL EAR motif

Figure 4.2: Typical LAZY gene structure with locations of annotated features.

White squares show 5’ and 3’ UTRSs, black lines show introns and black rectangles show
exons. Orange arrows show the approximate locations of three motifs.

Another characteristic of the LAZY gene family is the intron-exon structure and
the first two codons (the ‘ATGAAG’ nucleotide sequence) of each gene (Figure
4.2) (Dardick et al., 2013). These characteristics are present in all wheat LAZY
homoeologs, though the second codon is not ‘AAG’ in all homoeologs (Fig. 4.1).
The gene annotation of TaDRO1-A contained an additional 96 amino acids prior
to conserved domain |, which is likely to be a misannotation and so these amino
acids were not included in the alignment (Fig. 4.1).
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Table 4.2: Arabidopsis, rice and wheat LAZY genes.

Gene IDs and sequences obtained from EnsemblPlants. Arabidopsis = Arabidopsis
thaliana ‘Col-0’, Rice = Oryza sativa ssp. Japonica ‘Nipponbare’, Wheat = Triticum

aestivum ‘Chinese Spring’. “Un” = Unknown chromosome, “-“ indicates the region or
motif is not present, “*” represents a stop codon, “D3X” = extended domain lII.

Amino acid sequence
Species Gene name Gene ID IGT motif lazy4D region EAR-like motif
(Domain II) (D3X) (Domain V)

Arabidopsis AtLAZY1 AT5G14090 GLLTIGTLG - LVLEL*
Rice OsLAZY1 0s11g0490600 GLLTIGTLG - LVLEL*
TalLAZY1-Un TraesCSU02G083100 GLLTIGTLG - LVLEL*
Wheat TaLAZY1-B TraesCS6B02G461400 | GLLTIGTLG - LVLEL*
TalLAZY1-D TraesCS6D02G396500 | GLLTIGTLG - LVLEL*
Arabidopsis AILAZY2 AT1G17400 ALLAIGTFG LEVDRR IVLEI
Arabidopsis AlLAZY4 AT1G72490 GLLAIGTFG LEVDRR IVLEI*
Rice OsDRO1 0s09g0439800 SLLAIGTFG - IVLEM*
Rice 0OsgSOR1 0s07g0614400 HLLSIGTLG LEVDRR IVLEM*
TaDRO1-A TraesCS5A02G213300 | SLLAIGTFG KEVDES IVLEM*
Wheat TaDRO1-B TraesCS5B02G210500 | SLLAIGTFG KNVDES IVLEM*
TaDRO1-D TraesCS5D02G218700 | SLLAIGTFG KDVDES IVLEM*
TagSOR1-A TraesCS2A02G169900 | SIGTIGTIG LEVDRR IVLEV*
Wheat TagSOR1-B TraesCS2B02G196200 | SMLSIGTLG LEVDRR IVLEV*
TagSOR1-D TraesCS2D02G177400 | SMLSIGTLG LEVDRR IVLEV*

Domain V is well conserved across all wheat LAZY homoeologs which contain
EAR-like motifs, although only TaLAZY1 homoeologs have the exact LxLxL EAR
motif sequence (Table 4.2) (Kagale and Rozwadowski, 2011). The domain V
WxxTD motif identified previously in the TaDRO7 homoeologs (Ashraf et al.,
2019) was also highly conserved in TaLAZY1 and TagSOR1 homoeologs (Fig.
4.1).

4.2.2 Introducing steeper rooting into wheat with the /azy4D

mutation

Steeper rooting has great potential to improve modern wheat cultivars as a more
vertical root system can increase drought tolerance and crop yields in water-
limited conditions (Uga et al., 2013). The Arabidopsis lazy4D mutant has a
steeper lateral root phenotype due to a point mutation in the extended domain llI
(D3X) of AtLAZY4 (Fig. 4.3) (Binns, 2022). Analysis of the wheat LAZY family
found that the lazy4D region in D3X was not present in TaLAZY1 and poorly
conserved in TaDRO1 homoeologs, but highly conserved in all TagSOR1
homoeologs (Table 4.2). This established that TagSOR7 homoeologs would be
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good candidates for targeting to introduce the lazy4D mutation via wheat

transformation.

R145K

AtLAZY4

Extended domain Il

Y V.YAZH P DRFLNCPSSLEVDRRISNEAL
Atlazy4D:  IREINGSSNEKE SNAT

Figure 4.3: The Arabidopsis lazy4D steeper rooting mutant has a point mutation in
AtLAZY4 extended domain lil.

Location of SNP in Atlazy4D EMS mutant: R145K substitution due to an AGA > AAA
base change within extended domain Il (Binns, 2022).

Wheat LAZY expression analysis was performed to identify the best TagSOR1
homoeolog to introduce the lazy4D mutation. Previous studies have looked at
TaDRO1 homoeolog expression in specific tissues including crown roots, root
tips, basal shoot and spikelets of two Pakistani wheat cultivars, with highest
expression in root tip tissue (Ashraf et al., 2019). Wheat LAZY family expression
has also been investigated in whole roots and shoots of a further two wheat
varieties originating from Pakistan, which found highest TagSOR1 (TaDRO2)
expression in roots (Rasool et al., 2023). Arabidopsis LAZY genes have unique
patterns of expression with important functions in root and shoot statocytes
(Taniguchi et al., 2017, Nishimura et al., 2023), and LAZY gene expression is
highest in root tip and shoot hypocotyl tissues of young seedlings (Yoshihara and
Spalding, 2017). LAZY genes have differing functions and patterns of expression
in lateral and primary roots, so wheat LAZY expression was investigated in

seminal root tips, lateral root tips and young shoot tissue (Fig. 4.4).

LAZY1, DRO1 and gSOR1 homoeolog expression was examined in wheat cv.
‘Fielder’ root and shoot samples. Fielder was used as Fielder is the cultivar widely
used for wheat transformation. TaLAZY1 expression was only seen in wheat

shoot tissue and no TaLAZY1 expression was found in seminal or lateral root tips
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(Fig. 4.4). The TaDRO1 homoeologs had strong root and shoot expression in
comparison to the TagSOR171 homoeologs which were weakly expressed in
shoots (Fig. 4.4). The three TagSOR7 homoeologs have high sequence
homology (Rasool et al., 2023) and had similar expression levels within each
tissue type (Fig. 4.4). This meant that there was not a clear homoeolog candidate
to use for future mutagenesis or gene editing to generate a lazy4D construct for
wheat transformation. As there was not an obvious candidate, the TagSOR17-A
homoeolog was chosen to create the native promoter constructs as TagSOR17-A
had slightly higher expression in wheat lateral roots (Fig. 4.4). The lazy4D R > K
mutation (R145K) was introduced into the wildtype TagSOR7-A gene sequence
to generate a wheat lazy4D construct (R136K) (Fig. 4.5b). Two approaches were
used to create the transformed wheat lines; gSOR17-A with the lazy4D mutation
was fused to the native gSOR1 promoter, or lazy4D expressed under the control
of the constitutive maize ubiquitin-1 (ZmUbi) overexpression promoter. The
lazy4D ZmUbi overexpression construct used for wheat transformation had been
constructed prior to this work using a lazy4D R > A mutation of the TagSOR1-D
homoeolog (R135A) and so could not be changed (Fig. 4.5c). Due to differences
in homoeolog sequences the lazy4D mutation site was R136 in TagSOR17-A
whereas the site was located at R135 in TagSOR1-D. The use of these native
and constitutive promoters would enable investigation into the effects of different
levels of lazy4D expression in wheat. Overexpression of wildtype LAZY genes
can induce steeper rooting in Arabidopsis (Guseman et al., 2017), so wildtype
gSOR1 under the control of the native gSOR1 promoter was also transformed
into wheat as a control. These constructs were transformed into wheat cv. Fielder
by the Crop Transformation group at the John Innes Centre (Norwich). Gene
editing of the gSOR1 homoeologs to introduce the lazy4D mutation into Fielder
wheat was also attempted in collaboration with the Crop Transformation group,

however, it was unsuccessful within this project.
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Figure 4.4: Wheat LAZY gene expression in wheat root and shoot samples.

Relative expression (normalised to ACTIN and ELONGATION FACTOR) of wheat
LAZY1, DRO1and gSORT A, B and D homoeologs in wheat cv. ‘Fielder’ (a) lateral roots,
(b) seminal roots and (c) shoot samples, 3 independent biological replicates, with three
technical replicates for each. Error bars show standard deviation, statistical analysis
performed with one-way ANOVA and Tukey’s post-hoc tests, p < 0.05, ‘ND’ = not
detected, ‘Un’ = unknown chromosome.
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TaqSOR1-A

pGGG-TagSOR1-A:TagSOR1-A:NosT
(10864 bp)

KanR

lazy4D mutation site

TagSOR1-A

pGGG-TagSOR1-A:Tagsor1-A:NosT
(10864 bp)

KanR

lazy4D mutation site

pGGG-ZmUbi: Tagsor1-D:NosT
(9386 bp)

KanR

Figure 4.5: Generating wheat gSOR1 constructs with the lazy4D mutation for
transformation into Fielder.

(a) WT native promoter construct: wildtype A homoeolog TagSOR1 promoter fused to
TaqgSOR1-A (gDNA). (b) lazy4D native promoter construct: wildtype TagSOR7-A
promoter fused to Tagsor1-A containing the /lazy4D mutation (R7136K). (c)
Overexpression lazy4D construct: Maize ubiquitin-1 (ZmUbi) constitutive promoter fused
to Tagsor1-D (CDS) containing the lazy4D mutation (R7135A). All gene constructs
assembled into an adapted pGGG vector (Smedley et al., 2021).
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4.2.3 Root system architecture analysis of lazy4D transformed wheat

lines

Expression of the gSOR7-A:qSOR1-A construct did not cause a change in lateral
root growth angle compared to Fielder, the untransformed background (Fig. 4.6).
There was a possibility that expressing this construct in wheat could have altered
the root phenotype as overexpression of wildtype LAZY genes can induce
steeper rooting in Arabidopsis (Guseman et al., 2017). The wheat lines
expressing constructs with lazy4D mutations; gSOR17-A:qsor1-A (R136K) and
ZmuUbi:qsor1-D (R135A), also did not show any significant differences in root
growth angle phenotype (Fig. 4.6). This shows there may be differences in LAZY
D3X function in wheat and Arabidopsis lateral roots, as mutating the equivalent
arginine residue in Arabidopsis LAZY2 and LAZY4 results in a more vertical

lateral root phenotype (Binns, 2022).

.. GSOR1-A: ZmUbi:
Fielder Z‘z%RRZ _ﬁ‘ gsor1-A gsor1-D
(R136K) (R135A)
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Figure 4.6: Lateral root angle analysis of transformed wheat lines.

(a — d) Example images of lateral roots branching from primary seminal roots of 9-day
old wheat plants (a) Fielder (b) gSOR7-A:qSOR1-A (c) qSOR1-A:qsor1-A and (d)
ZmuUbi:qsor1-D, scale bars = 5 mm. (e) Lateral root angle from vertical measured 0.5 —
1 mm at the site of lateral root emergence from the primary seminal root. Statistical
analysis was performed with Shapiro-Wilk and Kruskal-Wallis tests: H = 2.246, p = 0.523,
n = 24 — 96 roots per genotype.
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Analysis of root system traits was conducted to investigate any effects of the
lazy4D mutation on the overall root system architecture of the transformed wheat
lines (Fig. 4.7). The lazy4D overexpression lines (ZmUbi:qsor1-D) had on
average 10.71 mm longer seminal roots compared to gSOR7-A:qsor1-A plants
expressing the lazy4D mutation under the control of the native gSOR1 promoter
(p = 0.0001) (Fig. 4.7h). This resulted in the ZmUbi:qsor1-D lines having a larger
convex hull area than the qSOR7-A:qsor1-A root systems (p = 0.0108) (Fig.
4.79). There were no differences in seminal root emergence or tip angles
between ZmuUbi:qsor1-D and qSOR1-A:qsor1-A (Fig. 4.7i, j). A slight increase in
seminal tip angle verticality was present in gSOR7-A:qSOR1-A plants compared
to Fielder (p = 0.0396), although this was not seen in root emergence angle (Fig.
4.7i, j). Plant root gravitropic setpoint angles including in wheat and Arabidopsis
roots are known to become more vertical over time (Fig. 3.7) (Mullen and
Hangarter, 2003). A possible explanation for the increase in seminal tip angle
verticality could be due to a faster change in GSA in the gSOR17-A:qSOR1-A

lines.

Finally, further analysis of the transformed wheat lines was performed to explore
any effects of construct copy number. No effect of copy number was seen in
qSOR1-A:qSOR1-A or qSOR1-A:qsor1-A lines and there were no significant
differences in lateral root growth angle in ZmUbi:qsor1-D lines (Fig. 4.8a — f).
However, the highest copy number overexpression line (copy number = 9) had a
more vertical seminal root phenotype compared to the single copy number line,
as shown by a significantly lower root system width/depth ratio by 0.34 on
average (p = 0.029) (Fig. 4.8g - I). This indicates that exceptionally high
expression of the lazy4D mutation is required to affect seminal root growth angle

in wheat.
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Figure 4.7: Phenotyping wheat lines transformed with the /lazy4D mutation.

Example images of the 4 different genotypes (a - d), chosen as the plant with the median
root system width/depth ratio. (a) Fielder, n = 9 plants (b) gSOR7-A:qSOR1-A, n = 40
plants (c) gSOR1-A:qsor1-A (R136K), n = 58 plants (d) ZmUbi:qsor1-D (R135A), n = 87
plants. (e) Root system width/depth ratio, H = 4.326, p = 0.228. (f) Number of seminal
roots, H = 4.140, p = 0.247, error bars = 95% confidence interval (g) Convex hull area,
F =3.3009, p = 0.0215 (h) Mean root length of the first three seminal roots, F = 6.5766,
p = 0.0003 (i) first pair seminal root emergence angle, F = 0.0763, p = 0.973 (j) first pair
seminal root tip angle, F = 6.3758, p = 0.0004. Scale bars = 10 mm. Statistical analysis
performed with Shapiro-Wilk, one-way ANOVA (g — j) and Tukey’s post hoc tests (g, h,
i), and Kruskal-Wallis tests (e, f), letters denote statistical significance, p < 0.05.
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Figure 4.8: A high copy nhumber overexpression line carrying a gsor7 mutation
has a steeper seminal root phenotype.

(a - e) 9-day lateral root images of ZmUbi:qsor1-D lines; (a) construct copy number 1,
(b) 2, (c) 3, (d) 5 and (e) 9, scale bars = 5 mm. (f) lateral root angle analysis of gsor1-D
overexpression lines separated by copy number. Lateral root angle from vertical
measured 0.5 — 1 mm at the site of lateral root emergence from the seminal root in 9-
day old wheat plants, n = 18 — 24 roots. Statistical analysis was performed with Shapiro-
Wilk and one-way ANOVA tests: F = 0.753, p = 0.558. (g — k) Example 5-day old wheat
seedling seminal root images of lines (g) copy number 1, (h) 2, (i) 3 (j) 5 and (k) 9, scale
bars = 10 mm. () Root system width/depth ratio of ZmuUbi:qsor1-D (R135A)
overexpression lines split by copy number, n = 9 — 20 plants per ZmUbi:qsor1-D copy
number. Statistical analysis was performed with Shapiro-Wilk, Kruskal-Wallis and Dunn’s
post-hoc tests, H=22.19, p = 0.0002.
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4.3 Discussion

4.3.1 The wheat LAZY gene family

Sequence alignment and domain analysis identified nine wheat LAZY family
homoeologs which have since been published as the LAZY7, DRO1 and gSOR1
A, B and D homoeologs (Fig. 4.1) (Kitomi et al., 2020, Rasool et al., 2023). The
Arabidopsis LAZY gene family have been reported under different names
including NGR, DRO1 and LZY (Yoshihara et al., 2013) so a consensus on wheat
LAZY naming is needed to avoid this issue developing in wheat LAZY literature.
The names used in this chapter (Table 4.1) are based on the first reported names
while keeping within the wheat gene nomenclature guidelines (Boden et al.,
2023). The LAZY domains I, I, IV and V are present and conserved in the wheat
LAZY1, DRO1 and gSOR1 homoeologs (Fig. 4.1). The presence of domain V in
these genes confirms their inclusion as LAZY genes, as the TACT genes lack
domain V within the IGT family (Yoshihara and Spalding, 2017). The TaTAC1
homoeologs have now been identified (Rasool et al., 2023), but this chapter
focuses on the wheat genes within the LAZY family. All wheat LAZY homoeologs
contained the IGT motif in domain Il including a conserved leucine residue two
amino acids away from the IGT motif. These residues are important for
Arabidopsis LAZY function as introducing a construct with mutations in this
residue and the isoleucine in the AtLAZY1 IGT motif (L92A/I94A) into lazy1 plants
caused a more severe downwards shoot phenotype, showing that this domain is

crucial for shoot gravitropism (Yoshihara and Spalding, 2020).

Extended domain Il (D3X) is not conserved in TaLAZY1 similar to Arabidopsis
LAZY1, but D3X is present in gSOR1 and partially present in DRO17 (Table 4.2).
Sequence analysis showed that the DRO1 and gSOR1 sequences are similar to
Arabidopsis LAZY2 and LAZY4, although these Arabidopsis genes both contain
D3X. This domain is not present in Arabidopsis LAZY3 (Yoshihara and Spalding,
2020) so wheat DRO1 homoeologs may have a similar function to A{LAZY3.
Arabidopsis LAZY3 has strong expression only in the root tip of Arabidopsis
seedlings and is thought to function in primary root gravitropism (Yoshihara and
Spalding, 2017). DRO1 homoeologs are expressed in wheat roots and were
found to interact with TOPLESS (TPL) repressor proteins via the domain V EAR
motif (Ashraf et al., 2019). Therefore, wheat DRO1 is likely to have an important
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role in root growth angle control differing to the role of gSOR7 homoeologs as

D3Xis not present.

Establishing wheat LAZY homoeolog expression patterns in Fielder is important
for further wheat LAZY research, as Fielder is the wheat cultivar most used for
transformation and gene editing (Sato et al., 2021). The wheat LAZY genes had
different expression patterns in Fielder root and shoot tissue, but expression was
consistent within each homoeolog triad (Fig. 4.4). The A, B and D gene copies
constitute a wheat homoeolog triad, and approximately 70% of homoeolog triads
identified in the wheat genome have balanced expression (Ramirez-Gonzalez et
al., 2018). The expression of DRO1 homoeologs was observed in both root and
shoot tissues, which is consistent with previous studies (Rasool et al., 2023).
Together with gSOR1 expression in both seminal and lateral roots, it could be
hypothesised that wheat DRO1 and qSOR1 may function in root growth angle

control.

The shoot-specific expression of wheat LAZY71 homoeologs supports the
hypothesis that the TaLAZY7 homoeologs have a role in gravity signalling during
shoot gravitropism as reported in Arabidopsis, rice and other species (Li et al.,
2007, Yoshihara et al., 2013). Similar to TaLAZY1 expression, rice LAZY1 is
undetectable in roots but strongly expressed in young leaves, shoot vasculature
and etiolated coleoptiles (Li et al., 2007). Arabidopsis LAZY1 is also primarily
shoot expressed (Yoshihara and Spalding, 2017). A previous study found low
levels of wheat LAZY1 in shoots (Rasool et al., 2023), which highlights the
potential variation in LAZY family gene expression between wheat cultivars.
Broadly, the wheat LAZY gene family share similar patterns of expression to
Arabidopsis and rice which could suggest that the wheat genes have similar roles

in gravitropism.

4.3.2 Effect of the /lazy4D mutation on wheat root system architecture

The steeper rooting lazy4D mutant is unusual within Arabidopsis /azy mutants as
the mutation is dominant and gain-of-function, and causes a steeper lateral root
phenotype (Binns, 2022) unlike the shallower lateral rooting lazy knock-out
mutants (Taniguchi et al., 2017). The dominance of lazy4D in Arabidopsis makes
the mutation a good candidate for introduction into wheat via transformation as

removal of wildtype LAZY expression within hexaploid wheat would be



101

challenging. The wheat root system solely consists of non-vertical roots unlike
the Arabidopsis vertical taproot system, so it was hypothesised that the lazy4D
mutation may regulate root growth angle of all root types in the fibrous wheat root
system. The lazy4D mutation was introduced into wheat gSOR17 as the gSOR1
homoeologs are the only homoeologs to contain a fully conserved extended
domain Ill. Overexpression of wildtype A{LAZY4 (AtDRO1) can result in a steeper
rooting phenotype (Guseman et al., 2017), so two wheat lines were created
expressing gSOR1 and gsor1 (R136K) under the native gSOR1 promoter as well
as a gsor1 overexpression line. The overexpression construct used an alanine
substitution strategy as it was created prior to this work, whereas the native
promoter constructs were constructed using the original lysine substitution. This
should not affect the impact of the mutation as previous work has found that it is
the loss of the arginine residue rather than the specific change to a lysine residue

that causes the Arabidopsis steeper lateral root phenotype (Binns, 2022).

High copy number lines are usually less desirable due to susceptibility to
transgene silencing in later generations (Sivamani et al., 2015, Mieog et al.,
2013). However, the highest gsor1 overexpression line (copy number of 9) had a
more vertical seminal root phenotype compared to the single copy number line,
but no differences in lateral root angle (Fig. 4.8). This indicates that introducing
the lazy4D mutation into gSOR1 does not disrupt wheat lateral root growth angle
control unlike in Arabidopsis (Binns, 2022), but may have an effect in seminal
roots. This is intriguing as similar levels of gSOR7 homoeolog expression are
seen in both seminal and lateral roots (Fig. 4.4). Analysis of ZmUbi:qsor1-D
construct expression within lateral and seminal root tips could help understand
the phenomenon of a seminal root angle phenotype but no lateral phenotype. An
overexpression line of wildtype gSOR1 would be required to confirm if the root
angle phenotype is due to the overexpression of gSOR1 or specifically due to the
R135A mutation. Finally, further work to determine the root growth angle
phenotype of this line at later growth stages in crown roots may uncover whether
the phenotype seen in the seminal roots correlates with the mature root system

phenotype.

The absence of any consistent root angle differences in the native promoter lines

and the phenotypes seen in the overexpression lines may mean that wheat
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requires higher levels of lazy4D expression to induce a root angle phenotype than
in Arabidopsis. The three gSOR1 gene copies present in the hexaploid bread
wheat genome means that there would be higher wildtype transcript levels
present in the background of the transformed wheat lines in comparison to diploid
Arabidopsis transformed with the lazy4D mutation. These wildtype qSOR1
homoeologs within the transformed wheat lines may prevent the expression of
the introduced construct influencing root growth angle control. Due to these ploidy
effects, a very high expression of this mutation in wheat may be needed to induce
the steeper rooting phenotype, despite the mutation being a dominant gain-of-
function mutation in Arabidopsis (Binns, 2022). Gene editing of gSORT
homoeologs in wheat to introduce the Jlazy4D mutation would enable
understanding of wheat gSOR71 function and the effects of the lazy4D mutation.
The gSOR1 homoeolog sequences are highly conserved so the lazy4D arginine

residue in D3X could be targeted in each of the A, B and D homoeologs.

The lack of lateral root phenotypes in any of the lines including the steeper
seminal rooting ZmuUbi:qsor1-D line may show that gSOR1 functions in seminal
root growth angle control but not in lateral roots as in Arabidopsis. There are
known lateral root developmental differences between wheat and Arabidopsis as
wheat lateral roots originate from pericycle or endodermis cells opposite phloem
poles, whereas Arabidopsis laterals emerge from pericycle cells opposite
protoxylem cells (Orman-Ligeza et al., 2013). Cereal root types also have
differences in development and root type-specific gravitropic pathways, as some
cereal root mutants specifically affect lateral root or crown root phenotypes (Zhu
et al., 2012, Smith and De Smet, 2012).

This work discovered differences in wheat LAZY gene function in root systems
with gSORT1 potentially acting mainly in seminal roots. There was no evidence
that gSOR1 functions in lateral roots, however, the gSOR7 homoeologs may be
important for root growth angle control in different root types. Other LAZY family
genes also have great potential for generating crop varieties with improved root
system architecture. A steeper seminal root angle phenotype could translate into
steeper root system architecture, as the growth angles of seminal roots have
been found to determine the mature root system angle phenotype in cereals
(Nakamoto, 1994, Manschadi et al., 2008). Further investigation in the wheat
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LAZY family will enable optimisation of crop root systems, for example,
characterisation of LAZY gene functions in crown roots and DRO1 homoeolog
functions in lateral root growth angle control. The wheat LAZY genes are good
potential candidates to achieve the ‘steep, cheap and deep’ ideotype proposed

to increase water and nitrogen uptake in drought environments (Lynch, 2013).
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Chapter 5

Exploring the functions of the gSOR1T genes in wheat root

system architecture
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Chapter 5: Exploring the functions of gSOR17 genes in wheat

root system architecture

5.1 Introduction

Root system architecture (RSA) describes the spatial arrangement of roots within
soil, which is important for determining the uptake efficiency of non-uniformly
distributed water and nutrients in soil (de Dorlodot et al., 2007). Wheat has a
fibrous root system consisting of early forming seminal roots which are later
replaced by a network of post-embryonic crown and lateral roots. These root
types develop at non-vertical angles which contrasts with the vertical primary
taproot system of the dicot Arabidopsis (Smith and De Smet, 2012). As discussed
previously, non-vertical roots which include Arabidopsis lateral roots are
maintained at specific angles known as gravitropic setpoint angles due to a
balance between root gravitropism and an auxin-dependent antigravitropic offset
mechanism (Roychoudhry et al., 2023). Wheat seminal roots (Kaye, 2018) and
lateral roots (Chapter 3) are also capable of GSA maintenance showing that
understanding the molecular basis of GSA maintenance and root gravitropism in

wheat is important to be able to modify root system architecture traits.

Root system architecture is thought to have been neglected in comparison to
aboveground traits during crop breeding programmes due to the difficulties of root
phenotyping, and so there is great potential for optimisation to improve crop
performance (Maqgbool et al., 2022). However, screening for root system traits in
a soil environment is difficult as extracting plants can damage the root system
architecture. Seedling phenotyping or growing plants in controlled environmental
conditions does not always reflect field conditions, so a combination of strategies
is required for accurate root system architecture analysis. The hexaploid wheat
cv. Cadenza (Triticum aestivum) and the tetraploid wheat cv. Kronos (Triticum
durum) TILLING (targeted induced local lesions in genomes) populations are
valuable genetic resources that can be used to screen for root traits (Krasileva et
al., 2017). These populations consist of over 2,500 EMS mutagenized and
sequenced wheat lines which can be screened to find beneficial traits and
investigate genes of interest (Krasileva et al., 2017). The tetraploid Kronos
population is a useful as only one cross is needed to generate a knockout mutant

in both genomes whereas the hexaploid Cadenza population requires two
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crosses to generate mutations in all three genomes. However, Cadenza lines are
more relevant for commercial crop breeding as most wheat grown is hexaploid
bread wheat (Krasileva et al., 2017). Each line in these TILLING populations
contains a high level of background mutations with an average of 2,705 (Kronos)
or 5,351 (Cadenza) mutations so backcrossing is required to reduce the
background mutation load and allow comparison of the mutation of interest in
equivalent mutation backgrounds (Krasileva et al., 2017). TILLING populations
have been used to identify root angle mutants such as the steeper rooting barley
egt2 (enhanced gravitropism 2) mutant identified from a mutagenized barley
population. EGT2 was found to control seminal and lateral root growth angle in

barley and wheat (Kirschner et al., 2021).

There is potential for root system architecture optimisation to improve crop yields
in water scarce or nutrient-limited environments. The “steep, cheap and deep”
root system architecture ideotype has been proposed to increase uptake of water
and nitrogen soil resources as the roots can access sources deeper underground
(Lynch, 2013). Reported advantages of this ideotype include drought avoidance
and improved yields in water-limited conditions as shown by rice plants with more
vertical and deeper roots due to DEEPER ROOTING 1 (DRO1) overexpression
(Uga et al.,, 2013). Mutations in qSOR1 (quantitative trait locus for SOIL
SURFACE ROOTING 1), a homolog of DRO1, causes increased soil surface
rooting and a shallower root system which shows that gSOR1 is involved in root
growth angle control (Kitomi et al., 2020). Loss-of-function gsor? mutants may
have improved performance in saline or phosphorus limited growth environments
as a shallower root system is predicted to be optimal for these environments
(Kitomi et al., 2020).

An early study of root growth angle in wheat found that the gravitropic responses
of roots are primarily controlled by genetic factors with influence from the
environment (Oyanagi et al., 1993a). The LAZY gene family have important roles
in gravitropism and are conserved in many plant species (Li et al., 2007,
Guseman et al., 2017, Dardick et al., 2013, Yoshihara and Spalding, 2017).
Within the LAZY family, Arabidopsis LAZY2 and LAZY4 are predominantly
associated with root gravitropism and lazy2 and lazy4 loss-of-function mutants
have more horizontal lateral root phenotypes (Yoshihara and Spalding, 2017).

There are five conserved domains present in the LAZY gene family with domains
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Il and V documented to be important in LAZY function (Dardick et al., 2013,
Furutani et al., 2020). A similarity between A{LAZY2 and AtLAZY4 is that both
genes contain a conserved domain named as extended domain Il (D3X) which
is important for non-vertical root growth angle control as shown by the steeper
lateral rooting Arabidopsis /lazy4D mutant (Binns, 2022). Translating the lazy4D
steeper rooting phenotype into cereals could help create the “steep, cheap and
deep” ideotype proposed to improve crop yields under drought and low nitrate

environmental conditions.

The LAZY gene family in wheat has now been identified within this work and more
recently (Rasool et al., 2023), but the role of wheat LAZY genes in root growth
angle control is not yet known. The wheat gSOR7 homoeologs are the only wheat
LAZY genes to contain extended domain Ill which is known to be important in
lateral root angle regulation in Arabidopsis. This suggests that the wheat gSOR1
genes may have roles in wheat root gravitropism and non-vertical root growth
angle control. In the previous chapter the lazy4D extended domain Ill mutation
was introduced into wheat via transformation, however, no effects of this mutation
on lateral root phenotype were observed. The main aim of this chapter was to
investigate the functions of LAZY extended domain Il (D3X) in wheat root growth

angle control by screening wheat lines with TagSOR1 D3X mutations.
The objectives of this chapter were to:

1. Perform root system architecture phenotyping of wheat TILLING lines with
gSOR1 D3X mutations.

2. Create transformed Arabidopsis lines with mutations introduced from a
qgSOR1 extended domain Ill mutant; Cadenza1761.

3. Generate backcrossed Cadenza1761 BC:zF2 plants and perform root

growth angle analysis.
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5.2 Results

5.2.1 Screening wheat TILLING lines with mutations in LAZY

extended domain lil

The Arabidopsis lazy4D mutant was identified from an EMS screen and found to
have a more vertical lateral root phenotype due to a dominant point mutation
within extended domain Il (D3X) of A{LAZY4 (Binns, 2022). To determine
whether this steeper rooting trait could be translated into wheat, root system
phenotyping was performed of wheat TILLING lines with mutations in D3X of
gSOR1 homoeologs for a number of traits. The gSOR7 homoeologs are the only
wheat LAZY genes to contain a fully conserved extended domain Il and have
high amino acid sequence similarity to Arabidopsis LAZY2 and LAZY4, so the
gSOR1 genes were predicted to have functions in wheat root growth angle
control. Two lines with TagSOR7 D3X mutations both in the TagSOR7-B
homoeolog were found in the Cadenza TILLING population: Cadenza0220 and
Cadenza1761.

The Cadenza0220 and Cadenza1761 had substitution mutations located within
four amino acids of the original lazy4D mutation site. These missense mutations
(E128K) and (R132W) had SIFT scores of 0.01 and 0 respectively which
predicted that both mutations affect protein function (Martin et al., 2022). Root
system phenotyping of these TILLING lines found that Cadenza0220 had a
similar width/depth ratio phenotype to the EMS mutant background cultivar
Cadenza. Cadenza1761 had a significantly steeper root system phenotype than
Cadenza (p < 0.0001) as shown by a lower root system width/depth ratio (Figure
5.1). The Cadenza1761 mutation is caused by a C > T transition base change, a
common occurrence in EMS mutagenesis (Lethin et al., 2020), which resulted in
a CGG to TGG amino acid codon change. Additionally, the Cadenza1761
mutation was closest to the original lazy4D mutation site, so Cadenza1761 was

selected for further root system architecture and root growth angle analysis.
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Figure 5.1: Screening wheat TILLING lines with gSOR7 mutations in extended
domain lll.

(a) Diagram of TaqgSOR71-B showing location of extended domain Il (D3X) with
sequence alignment of Cadenza and EMS TILLING mutants Cadenza0220 and
Cadenza1761 with substitution mutations in D3X (E128K and R132W respectively). (b —
d) Example images of (b) Cadenza, (c) Cadenza0220 and (d) Cadenza1761, scale bars
= 10 mm. (e) Root system width/depth ratio analysis, n = 17 — 38. Statistical analysis
performed with Shapiro-Wilk, Kruskal-Wallis and Dunn’s post-hoc tests, H = 37.590, p =
6.879 x 10°°,

A high throughput strategy was developed for genotyping large numbers of plants
to screen for the presence of the Cadenza1761 SNP. The KASP (kompetitive
allele-specific PCR) assay was initially trialled for the SNP genotyping, however,
the two alleles could not be distinguished for the Cadenza1761 TaqgSOR1-B SNP
(Appendix 7.1). This lack of functionality could be due to the high homology

between the gSOR7 homoeolog sequences, particularity within the conserved
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domains. The Cadenza1761 Taqsor1-B SNP sequence created a BshTl (Agel)
restriction site (Fig. 5.2a) so a restriction digest method could be used for
genotyping. A TaqgSOR1-B DNA fragment was amplified and digested with BshTI,
resulting in two bands for Cadenza1761 (Fig. 5.2b, c). Sanger sequencing was

used to confirm the reliability of this method (Fig. 5.2d).

Detailed root system architecture and root growth angle analysis of Cadenza1761
was performed, which showed Cadenza1761 had a shorter seminal root length
than wildtype Cadenza plants although there were no differences in the number
of seminal roots between the lines (Fig. 5.3b, d). The shorter seminal root length
resulted in a decrease in overall area covered by the root system, as reflected in
the convex hull area (Fig. 5.3c). Non-vertical root gravitropic setpoint angles can
become more vertical with age (Mullen and Hangarter, 2003), so root growth
angle analysis was performed at the same distance from seminal root emergence
to account for any differences in seminal root length. Cadenza1761 had a
significantly steeper seminal root phenotype at all intervals analysed (Fig. 5.3a)
which supported the initial findings of a lower width/depth ratio and a steeper root
system. There were no differences in lateral root growth angle between
Cadenza1761 and Cadenza (Fig. 5.3e — g), indicating that TagSOR1 may have

different functions in seminal and lateral roots.
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Figure 5.2: Strategies for Cadenza1761 genotyping.

(a) The C > T SNP responsible for the R > W substitution mutation in TagSOR17-B of
Cadenza1761 creates a BshTIl (Agel) restriction site that is not present in Cadenza
TaqSORT1-B. (b) Predicted agarose gel electrophoresis result for an 879 bp amplicon
amplified from Cadenza and Cadenza1761 gDNA and digested with BshTl, 1 x 467 bp
and 1 x 412 bp fragment present for Cadenza1761. (c) Result of agarose gel
electrophoresis of digested Cadenza and Cadenza TaqSOR7-B fragments, ladder =
ThermoFisher 1kb+ DNA ladder. (d) Confirmation of restriction digest results via Sanger
sequencing of the 879 bp TaqSOR71-B fragment amplified from Cadenza and
Cadenza1761 gDNA, R = arginine, W = tryptophan.
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Figure 5.3: Cadenza1761 has a steeper seminal root phenotype.

Plants grown in germination pouches for 5 days (a - d) or 10 days (e - g). (a) Angle
analysis of Cadenza and Cadenza1761 at 10 mm intervals along the first pair of seminal
roots, *=p <0.05, n=16 - 30. (b - d) n = 26 — 38. (b) Mean root length of first three
seminal roots, U = 659, p = 0.0245. (c) Convex hull area, t = 6.838, p = 4.103 x 10°. (d)
Number of seminal roots, error bars = 95% confidence interval, U = 429.5, p = 0.286. (f)
lateral root angle measured 0.5 — 1 mm from lateral root emergence from seminal root,
n = 58 — 60 roots, t = 1.0428, p = 0.309. Example images of (e) Cadenza and (g)
Cadenza1761 lateral roots, scale bars = 5 mm. Statistical analysis performed with
Shapiro-Wilk and (a, c, f) t-tests or (b, d) Mann-Whitney U tests.



113

5.2.2 Transforming the Cadenza1761 mutation into Arabidopsis

The Cadenza1761 mutation was introduced into Arabidopsis LAZY2 (R144W) to
further confirm if this wheat mutation can influence root growth angle in other
species (Fig. 5.4). LAZY2 was chosen for this experiment as LAZY2 has
columella-specific expression in Arabidopsis and the columella cells are the site
of root gravity sensing (Taniguchi et al., 2017). Additionally, previous work found
that introducing the lazy4D mutation into LAZY?2 gives a more vertical Arabidopsis
lateral root phenotype showing that LAZY2 D3X is involved in root growth angle
control (Binns, 2022). The mutation was introduced into Col-0 and a lazy2 loss-

of-function mutant which has a more horizontal lateral root phenotype.

a

PALLIGATORV-AILAZY2:Atlazy2 (R144W):NosT

SpecR pAt2s3:GFP

Figure 5.4: Introducing the Cadenza1761 TagSOR17-B mutation into Arabidopsis
LAZY2.

(a) Construct generated containing the Cadenza1761 mutation (R > W) introduced into
AtLAZY2.1 via site-directed mutagenesis. SpecR = spectinomycin resistance,
pAt2s3:GFP = seed coat fluorescence reporter. (b) Agarose gel electrophoresis of
assembled lazy2 (R144W) construct double digested with Pmel and Kpnl restriction
enzymes, ladder = ThermoFisher 1kb+ ladder.
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The lateral root phenotypes of lazy2 R144W were analysed at Stage IIl (0.5 -1
mm) and Stage IV (2.5 — 3 mm), along with lazy2D (lazy2 R143A) and
LAZY2:LAZY?2 lateral roots for comparison (Fig. 5.5). The expression of the lazy2
R144W construct induced a more vertical lateral root phenotype in both Col-0
and lazy2 (Fig. 5.5), but was not significantly different from the lazy2D steeper
lateral root angle phenotype (Binns, 2022). Lateral root growth angle was steeper
at Stage IV in both Col-0 and /lazy2 backgrounds (Fig. 5.5f, I). This was expected
as non-vertical root growth setpoint angle is known to become more vertical
during root development (Mullen and Hangarter, 2003), so older Stage IV roots
are likely to be steeper than younger Stage Ill roots. The LAZY2:LAZY?2 lines had
a slightly steeper lateral root angle at Stage Ill in both Col-0 and /lazy2
backgrounds (Fig. 5.5e, k), which confirms previous studies that found LAZY
overexpression can increase lateral root verticality (Guseman et al., 2017).
LAZY2:LAZY2 lines did not have significantly steeper lateral root angles
compared to the background at Stage IV in both Col-0 and /azy2 backgrounds
(Fig. 5.5f, I).

The results of this experiment show that mutating other residues in extended
domain Il in addition to the lazy4D mutation site can influence lateral root angle.
The mutated arginine’s in lazy2D (R145) and lazy2 R144W were altered to
different amino acids; alanine and tryptophan respectively, which shows that it is
the loss of the arginine within D3X rather than the specific substituted residue
that is important for LAZY2 functions in growth angle control. These findings show
that the lazy2 R144W mutation affects root angle in Arabidopsis and that more
than one residue in D3X is essential for the function of this domain in root growth
angle control. This supports the hypothesis that the steeper seminal root
phenotype of Cadenza1761 is due to the TagSOR17-B R144W mutation.
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Figure 5.5: The Cadenza1761 Taqsor1-B mutation induces a steeper lateral root
angle in Arabidopsis.

(a - d, g - j) Representative images of 9-day old Arabidopsis lateral root phenotypes
transformed with (a, g) LAZYZ2:lazy2 (R144W), (b, h) LAZY2:lazy2 (R143A), (c, i)
LAZY2:LAZY?2 with a Col-0 background (a — c) or lazy2 background (g — i), plants grown
to T3. (d) Col-0 and (j) lazy2 T-DNA insertion mutant used as lines for transformation,
scale bars = 5 mm. (e, k) Stage Ill (0.5 -1 mm) and (f, I) Stage IV (3.5 — 4 mm) lateral
root angle analysis of transformed Arabidopsis lines in a (e, f) Col-0 or (k, I) lazy2
background, n = 30 — 228 roots. Statistical analysis performed with Shapiro-Wilk,
Kruskal-Wallis and Dunn’s post-hoc tests. (e) Stage Ill Col-0; H = 105.660, p = 9.425 x
102, (f) Stage IV Col-0 H=22.017, p = 6.471 x 10°°, (k) Stage Ill lazy2; H = 119.373, p
=1.053 x 10%, (I) Stage IV lazy2; H=38.772, p = 1.940 x 108,
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5.2.3 Shoot and root phenotyping of the Cadenza1761 BC:2F:2

generation

Cadenza1761 backcrossing was performed to confirm that the observed
Cadenza1761 root angle phenotypes were not due to background mutations. The
Cadenza1761 mutant was backcrossed to Cadenza twice to reduce the
background mutation load, and then selfed to generate BC2F2 plants with the
Cadenza allele (R132) or the Cadenza1761 allele (R132W) (Fig. 5.6a). It is
recommended to cross TILLING mutants back to the non-mutagenized parent
line for at least two generations as the Cadenza TILLING population has an
average of 5,351 mutations per line (Krasileva et al., 2017). Backcrossing
reduces the level of mutations present and generates lines with and without the
mutation of interest for comparison in the same mutation background (Krasileva
et al., 2017). From the initial backcrosses, three independent heterozygous
BC1F1 plants were identified and further backcrossed to Cadenza (Fig. 5.6b). Five

heterozygous BC:zF1lines (Fig. 5.6c) were grown to obtain the BC2F2 generation.

a b
/ Backcross 1 \ BC,F,
Cadenza x Cadenza1761

R132 | R132/
BC,F,
R132
Riz2w (X3)

BC,F,  Backcross 2

R132 R132 R132w Cadenza
R132 R132w R132w X R132

|
BC,F,
R132
R132W

BC,F,
R132 R132 R132W
R132 R132W R132W

Figure 5.6: Backcrossing scheme to generate Cadenza1761 BCF: plants.

(a) Backcross scheme for generating BC2F plants, Cadenza 1761 Tagsor1-B mutation
represented by R132W. Three independent BC1F1 backcrosses were selfed to create
BC1F2 plants. BC1F> homozygous R132W plants were backcrossed to Cadenza to
produce the BC.F4 generation. (b) 5-day images of the root system phenotypes of the
three independent BC1F1 backcrosses using in this crossing scheme, scale bars = 10
mm. (c) BshTlI restriction digest of the five heterozygous BC2F; plants selfed to produce
BC.F. plants, grey arrows indicate heterozygous R132W" genotype with three DNA
fragments of 412 bp, 467 bp and 879 bp, ladder = ThermoFisher 1 kb+ ladder.
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Wheat shoot traits were analysed at 16 weeks to determine if any differing shoot
phenotypes were present between the genotypes due to the Taqsor1-B R132W
mutation or other background mutations. No differences in the number of tillers,
tiler height or number of spikelets were seen between Cadenza and
Cadenza1761 (Fig. 5.7). In the BC1F2 generation, plants containing the R132W
SNP had shorter tillers and a reduced number of spikelets per spike (Fig. 5.6b,
c). This indicates that the R7132W SNP or other mutations present in
Cadenza1761 may influence spikelet number and tiller height, potentially related

to the shorter seminal root phenotype seen in Cadenza1761 seedlings (Fig. 5.3b).

Root phenotyping was performed for homozygous R732, heterozygous
R132W+/- and homozygous R132W BC2F2 plants (Fig. 5.8). Whole root system
phenotyping of 5-day old plants revealed the shorter seminal root phenotype in
Cadenza1761 was not present in R132W plants, and there were no differences
in convex hull area between the three BC2F2 genotypes (Fig. 5.8f, g). The lines
each had a mean of 4 — 5 seminal roots (Fig. 5.8e) which matched the average
root numbers seen in Cadenza and Cadenza1761 (Fig. 5.3d). There were no
differences in seminal root emergence angle between the genotypes, however,
seminal root tip angle was more vertical in R132W plants (Fig. 5.8h, i). This shows
that the seminal roots initially emerge at the same angle, and then the GSA of
BC2F2 R132W seminal roots may become more vertical at a faster rate than in
plants without the R7132W SNP. The root system width/depth ratio was
significantly lower in R132W plants compared to R132 and R132W*- (Fig. 5.8d),
which together with the steeper seminal root tip angle results shows that the
R132W plants have a steeper root system. Finally, root angle analysis was
performed to investigate differences in root growth angle in seminal and lateral

roots, and in mature plants in compost (Fig. 5.9, 5.10).
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Figure 5.7: Shoot phenotyping of Cadenza, Cadenza1761 and BC1F: lines.

Shoot measurements of mature wheat plants at 16 weeks. (a) Number of tillers, H =
4.444, p = 0.217, n = 4 — 33 plants per genotype (b) Tiller height, F = 15.113, p = 7.410
x 10, n = 11 — 85 tillers (c) Number of spikelets per spike, H = 53.447, p = 1.472 x 10
", n =11 -85 spikes. (a — c) Statistical analysis performed with Shapiro-Wilk, and (b)
one-way ANOVA and Tukey’s post-hoc tests or (a, c) Kruskal-Wallis and Dunn’s post-
hoc tests, letters show statistical significance, p < 0.05.
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Figure 5.8: Root system architecture analysis of BC2F; plants.

(a - c) Example images of BCF; plants with (a) homozygous R132, (b) heterozygous
R132W*" and (c) homozygous R132W alleles in TagSOR1-B, scale bars = 10 mm. (d)
Root system width/depth ratio, F = 10.526, p = 7.497 x 10°° (e) Number of seminal roots,
H = 1.574, p = 0.455, error bars = 95% confidence interval (f) Convex hull area, F =
1.432, p = 0.244 (g) Mean root length of first three seminal roots, H = 0.716, p = 0.699
(h) First pair seminal root emergence angle, F = 0.580, p = 0.562 (i) First pair seminal
root tip angle, H = 8.734, p = 0.0127. Statistical analysis performed with Shapiro-Wilk,
one-way ANOVA and Tukey’s post-hoc tests (d, f, h) or Kruskal-Wallis and Dunn’s post-
hoc tests (e, g, i). letters show statistical significance, p < 0.05, n = 20 — 56 plants per
genotype.
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The BC2F2 R132W plants had a more vertical seminal root angle than R7132 but
no differences in lateral root angle (Fig. 5.9), matching with the seminal and
lateral phenotypes seen in Cadenza and Cadenza1761 (Fig. 5.3). The plants
heterozygous for the R132W allele (R132W*-) had an intermediate phenotype
between R132 and R132W, consistent with the phenotype being semi-dominant
in wheat (Fig. 5.9). No differences were observed in lateral root growth angle
between R132 and R132W, which further confirms that this TagSOR71-B mutation
does not affect lateral root angles and may indicate that TagSOR1 does not have

a major function in wheat lateral roots.
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Figure 5.9: Seminal and lateral root angle analysis of BC>F: plants.

(a) Mean first pair seminal root angle analysis, n = 17 — 26 plants, F=5.164, p = 0.00843.
(b) Lateral root angle measured in degrees from vertical 0.5 — 1 mm from lateral root
emergence, n = 53 - 59 lateral roots, t = 0.305, p = 0.737. (c — €) Example lateral root
images of (c) homozygous R132, (d) heterozygous R132W" and (e) homozygous
R132W plants, scale bars = 5 mm.

Wheat seminal root growth angles at the seedling stage have been found to
correlate with the architecture of the mature wheat root system (Manschadi et al.,
2008, Oyanagi, 1994). Root growth angle of mature wheat root systems can be
quantified using soil coring methods in the field (Wasson et al., 2014), but root
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system angle analysis is difficult in a controlled growth environment. One pot-
based method for root angle analysis involves growing plants in mesh baskets or
colanders placed in soil-filled pots, where the angle that roots emerge from the
colander holes can be calculated (Uga et al., 2011, Oyanagi et al., 1993b). This
method has been successfully used to quantify the effect of the DRO7T allele on
rice root system architecture (Uga et al., 2013). Plants were grown to maturity in
colanders within compost-filled pots for root angle analysis to understand whether
the steeper root growth angle phenotype at the seedling stage was still present
in mature plants (Fig. 5.10). The distribution of roots at different angles down the
compost profile was visualised using counts of roots emerging from each layer of
colander holes (Fig. 5.10c). The root angle profile was similar in both R132 and
R132W plants, although there may be an increased percentage of shallower roots
above 50° from vertical in R132 plants as shown by the non-overlapping 95%

confidence interval (Fig. 5.10c).

The deep rooting ratio metric was used to quantify the differences in root growth
angle, this metric was originally developed for analysis of rice root growth angle
(Uga et al.,, 2009). The deep rooting ratio has been successfully used to
distinguish between shallow and deep rooting rice cultivars (Uga et al., 2013).
The deep rooting ratio was calculated by dividing the number of steep roots by
the total number of roots, with root angles between 40° and 0° from vertical
defined as steep root growth angles based on previous research (Uga et al.,
2011, Uga et al., 2013). There was greater variation in deep rooting ratio for R132
compared to R132W, but there was no significant difference between the two
genotypes (Fig. 5.10d). This finding indicates that the Cadenza1761 seminal root
growth angle trait may not translate into a mature wheat root system phenotype,
however, the limited number of plants and uncontrolled soil moisture reduces the
reliability of this experiment and repetition of this experiment would be needed to

confirm the results.
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Figure 5.10: Root growth angle characterisation in a compost environment.

(a, b) Example images of BC2F2 homozygous R7132 and R132W root systems grown in
colanders in compost-filled pots, scale bars = 50 mm. (c) Distribution plot of the angle of
roots emerging from the colander holes, shading shows the 95% confidence interval. (d)
Deep rooting ratio calculated as the number of roots emerging at 0 — 40° from vertical
divided by the total number of roots, t = 1.483, p = 0.263. Statistical analysis performed
with Shapiro-Wilk test and t-test, n = 4 — 5 plants per genotype.
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5.3 Discussion

5.3.1 LAZY extended domain Ill mutations in wheat

Wheat TILLING populations are important genetic resources that were used in
this work to identify wheat lines with mutations in LAZY extended domain Il
(D3X). The wheat TILLING populations contain an average of 23 — 24 missense
mutations or truncations per gene and each line in the Cadenza TILLING
population contains an average of 5,351 mutations (Krasileva et al., 2017). Two
Cadenza TILLING lines were identified as containing D3X missense mutations,
both in the TagSOR17-B homoeolog (Fig. 5.1). TagSOR1-B is one of three gSOR1
homoeologs in the wheat LAZY gene family, which are the only wheat genes to
contain extended domain lll. Of the two identified mutants, the Cadenza1761 line
was selected for further analysis due to the presence of a steeper seminal root
phenotype (Fig. 5.3). Cadenza1761 has a Taqgsor1-B R132W point mutation in
the adjacent arginine residue to the lazy4D mutation site. The effects of single
gene mutations in wheat are often hidden by the functional redundancy of the
other gene homoeologs (Uauy et al., 2009). However, the Arabidopsis lazy4D
D3X mutation is a dominant gain-of-function mutation (Binns, 2022) so there was

a possibility that the Cadenza1761 Tagsor1-B mutation was also dominant.

D3X is an important LAZY gene domain required for lateral root growth angle
control in Arabidopsis as shown by the steeper rooting lazy4D mutant (Binns,
2022). Cadenza1761 was found to have a steeper seminal root growth angle
phenotype at the seedling stage, however, no lateral root phenotype was seen
(Fig. 5.3). This is an intriguing result which indicates that the TagSOR1
homoeolog D3X is not involved in wheat lateral root angle control even though
D3X is required for Arabidopsis lateral root angle regulation and the gSOR1
homoeologs are expressed in wheat lateral roots. In the previous chapter, the
same steeper seminal root and wildtype lateral root phenotype was seen in wheat
plants transformed with a high copy number ZmuUbi:qsor1-A (R136K)
overexpression line. These findings suggest that wheat seminal and lateral root
growth angle regulation may be controlled by different mechanisms with

TaqgSOR1 acting in seminal roots.
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5.3.2 Translating the Cadenza1761 LAZY mutation into Arabidopsis

Arabidopsis LAZY proteins function within the root and shoot gravitropic sensing
and response pathways. LAZY proteins have recently been shown to localise on
amyloplasts following gravistimulation and relocate to the lower side of the
columella cells to trigger auxin redistribution and root differential growth (Chen et
al., 2023). Despite these recent insights into the role of LAZY proteins in
gravitropism, the functions of LAZY domain Ill and the extended domain IlI
present in LAZY2 and LAZY4 are still unknown. The steeper lateral root
phenotype of the Arabidopsis lazy2D and lazy4D mutants shows that LAZY2 and

LAZY4 extended domain Il is required for lateral root angle control (Binns, 2022).

Transforming the Cadenza1761 mutation into Arabidopsis induced a more
vertical lateral root phenotype in both Col-0 and /azy2 (Fig. 5.5), which supports
the hypothesis that the R132W Taqgsor1-B mutation is responsible for the
Cadenza1761 steeper seminal root phenotype. The mutation was generated in
AtLAZY?2 so the impact of the mutation acting in the columella could be seen, as
LAZY?2 has a columella-specific expression pattern whereas LAZY4 has root wide
expression in Arabidopsis (Yoshihara and Spalding, 2017). Mutating the adjacent
arginine to the lazy4D site increased lateral root verticality which shows that
additional residues in LAZY domain Ill are required for LAZY function as well as

the lazy4D site.

5.3.3 Achieving steeper and deeper rooting in mature wheat root

systems

The Cadenza1761 seminal root phenotype could not be definitively assigned to
the TagSOR1-B missense mutation as the Cadenza TILLING mutants contain an
average of 5,351 EMS-type mutations per line (Krasileva et al., 2017). The BCzF2
Cadenza1761 x Cadenza R132 and R132W lines generated for phenotypic
analysis of the R132W SNP allowed the effects of the SNP to be seen in
equivalent backgrounds. Highly penetrant traits can be seen when comparing the
TILLING line and the parent, however, at least two generations of backcrossing
are usually recommended prior to analysis due to the level of background
mutations (Krasileva et al., 2017). Root angle analysis in 5-day old plants found
that the homozygous R7132W plants had more vertical seminal roots than

homozygous R1732 plants, but no difference between the lateral root angle
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phenotypes (Fig. 5.9). The heterozygous R132W*- seminal root angle was not
significantly different to either R132 or R132W, so there is a possibility that the
mutation is semi-dominant. The wildtype gSOR1-A and qSOR1-D proteins are
still present which may reduce seminal root angle verticality and mask the effects
of the R132W mutation. Introducing the gsor1 R132W mutation into a triple knock
out gsor1 wheat mutant would allow the effects of the mutation to be seen without

the presence of wildtype gSOR1.

A shorter plant height and reduced number of spikelets was seen in R132W
plants in the BC1F2 generation (Fig. 5.7). gSOR1 homoeolog expression was not
found in wheat shoot tissue, so this phenotype is not thought to be due to the
Tagsor1-B R132W mutation. The shorter R132W tiller height may be explained
by additional mutations present in the R132W lines. Recently, Cadenza1761 was
found to contain a HB-A2 (HOMEOBOX DOMAIN) mutation in an miRNA165/166
binding site and documented as having a paired spikelet phenotype (Dixon et al.,
2022) and reduced plant height (Jiang et al., 2023), although root phenotypes
were not investigated. Screening the BCzF2 lines for the presence of the HB-A2
G194R SNP would confirm whether this mutation may be responsible for the

shorter plant height phenotype.

The steeper seminal root and narrower root system traits were still present in the
BC2F2 R132W plants at 5 days, so these lines were grown in pots within compost-
filled colanders to understand whether these traits were maintained in mature root
systems. This colander experiment to investigate root system growth angles in
mature root systems found no differences between the R132 and R132W lines,
although there can be limited conclusions from this due to the low numbers of
plants analysed for this experiment (Fig. 5.10). Variation in soil moisture was
noted upon recovering the root systems for analysis. Controlling soil moisture
would have improved the reliability of this experiment, as hydrotropism can
modify root growth in response to a soil water gradient (Dietrich, 2018). A further
improvement would be to use more plants, as Uga et al. (2013) analysed the 20
plant root systems of 3 lines whereas this experiment used 1 plant for 5 lines of
each genotype. Measuring root growth angles with colanders or mesh baskets
has been successfully used for analysis of shallow and deep rooting rice cultivars
(Uga et al., 2013), durum wheat (El Hassouni et al.,, 2018) and winter wheat

seedlings (Oyanagi et al., 1993b). The root growth angle of seminal roots in wheat
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cultivar seedlings has been shown to have a positive correlation with the vertical
root distribution of plants in the field (Oyanagi et al., 1993b) and they proposed
that seedling seminal root angle is a useful predictor of later root growth angles.
However, other research found that seminal root growth angle did not directly
correlate with mature root angles in durum wheat (El Hassouni et al., 2018).
Further analysis of R132W mature root system angles and gSOR7 expression in
wheat crown roots would help to confirm the hypothesis that seminal and crown
root phenotypes are correlated. Base editing to introduce the R132W mutation
into the wheat gSOR7 homoeologs would confirm whether this point mutation is
responsible for the Cadenza1761 steeper rooting phenotype. Introducing the
Cadenza1761 D3X point mutation into Arabidopsis resulted in a more vertical
lateral root phenotype, however, lateral root growth angles were not affected in
wheat. This indicates that wheat gSOR7 may not function in lateral root growth
angle control and that seminal and lateral roots are potentially regulated via
different mechanisms in wheat. The conclusions of this chapter are that the
Cadenza1761 Tagsor1-B R132W D3X mutation can induce steeper rooting in
wheat seminal roots but gSOR7 may not regulate root growth angle in lateral or

crown roots.



127

Chapter 6

General Discussion
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Chapter 6: General Discussion

6.1 Cereal root system architecture

The results of this work demonstrate new discoveries in cereal root system
architecture and gravitropism research. In Chapter 3, the diversity and effects of
growth medium on root system architecture root traits in wheat were investigated.
Growing three wheat varieties in germination paper, agar or compost mediums
yielded relative differences in the root angle traits of the three varieties (Fig. 3.2).
These experiments have similarities with a previous study which found significant
differences in the root length of dwarf wheat cultivars when wheat plants were
grown in gel chambers for 10 days, but no differences were seen after 26 days
of growth in soil (Wojciechowski et al., 2009, Gregory et al., 2009). Differing
environmental influences of the three growth methods could influence the
observed root system phenotypes including agar plate exposure to light or
heterogeneously distributed soil water and nutrient resources. Root growth is
thought to be determined by gravitropism and then adjusted by tropic responses
to other environmental factors such as the interaction of hydrotropism and
gravitropism (Dietrich, 2018). This work and previous research show the added
complication of genotype-environment interactions and highlight the importance
of root system phenotyping at a range of growth stages and growth environments

for accurate assessment of root system architecture traits.

One proposed pipeline for crop improvement involves phenotyping root growth in
agar, followed by hydroponic culture and pot-based soil experiments before
selection for field trials (McGrail et al., 2020). This pipeline could be improved
with the addition of X-ray computed tomography (X-ray CT) which is a 3D root
phenotyping method that allows visualization of soil-grown plant root systems
(Atkinson et al., 2019). X-ray CT has been successfully used to image a range of
crop species, and may become an important method for future plant phenotyping
and crop breeding although it is currently a low throughput method (Mooney et
al., 2012, Atkinson et al., 2019).

The root phenotyping of the wheat landrace panel discovered the diversity and
range in seedling root system architecture of 285 globally distributed wheat lines
(Fig. 3.4). With the knowledge of the effect of growth environment on wheat root

system traits, phenotyping of these lines using different growth methods would
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allow investigation of phenotype maintenance in a soil environment and the
potential usefulness in crop breeding. Integration of landrace root traits into
modern cultivars could reintroduce important traits lost during breeding
programmes, for example, the root biomass of green revolution wheat cultivars
was found to be reduced by two-thirds compared to wheat landraces (Waines
and Ehdaie, 2007). A wheat landrace screen for yield performance under drought
conditions selected landraces with drought-adaptive traits such as improved deep
soil water extraction for incorporation into a drought breeding programme
(Reynolds et al., 2006). Plant breeding is thought to indirectly select for
advantageous root traits when breeding for high crop yields, however, the
beneficial landrace traits lacking in modern cultivars show that direct breeding for

root traits is needed (Wasson et al., 2012).

6.2 Gravitropic setpoint angles in cereals

Detailed studies of gravitropic responses and auxin signalling in cereal roots were
performed to investigate the processes underlying cereal root system
architecture traits. Gravitropic setpoint angle (GSA) is a crucial concept in
gravitropism research (Roychoudhry et al., 2013, Digby and Firn, 1995). The
results of the cereal GSA reorientation experiments suggest that mechanisms of
gravitropic setpoint angle maintenance may have differences between wheat and
rice plants. This hypothesis is supported by the horizontal nature of rice lateral
roots and slower reorientation responses over 2 days compared to relatively
steeper wheat lateral roots which regained their original GSA 12 hours post-
reorientation (Fig. 3.9). Lateral roots have important roles in soil resource capture
as lateral roots form most of the root length in many plants (Postma et al., 2014).
The differences in lateral root GSAs of wheat and rice may reflect adaptation to

the different environmental conditions during the growth of these plants.

The lowland rice variety ‘Nipponbare’ was used for lateral root GSA analysis and
lowland varieties are grown with deep water irrigation and are reported to have
shallow, thin roots (Song et al., 2020), as was found in this work. Further progress
in cereal GSA research could target investigation of lateral root GSA maintenance
in an upland rice variety. Upland varieties are typically grown in field conditions
comparable to wheat, and so may have a steeper GSA similar to wheat lateral
roots (Li et al., 2011). Characterization of lateral root GSA in upland rice varieties
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could allow further discoveries in the molecular mechanisms of lateral root GSA

within rice and other cereals.

Auxin is known to be important for root growth angle regulation as demonstrated
by the identification of large root angle 1 (Irat), a rice shallow root angle mutant
with a premature stop codon in rice auxin efflux transporter OsPIN2 (Wang et al.,
2017). Differences in auxin fluxes and polar auxin transport could potentially be
the cause of the observed differences in lateral root GSA between wheat and
rice. The variation in root gravitropic responses between these two monocots
shows the importance of species-specific research for root system architecture
optimisation. Future work could investigate post-embryonic crown or nodal root
GSA in cereal species as these root types make up a large proportion of the
mature root system (Hochholdinger et al., 2004). These experiments would be
technically challenging due to the larger scale of the root systems required for
analysis; however, it is important not to generalise the embryonic root GSA
findings to crown roots as there are likely to be root type differences. For example,
a study of maize root water uptake discovered a higher axial conductivity and

uptake of water in crown roots compared to seminal roots (Ahmed et al., 2018).

6.3 Progressing auxin research with the wheat DII-VENUS auxin
reporter

The wheat DII-VENUS reporter generated is the first known auxin reporter to be
developed in wheat and lattice light-sheet imaging of wheat DII-VENUS seminal
roots was successfully trialled in this work (Fig. 3.15). Light-sheet fluorescence
microscopy is proposed as a useful technology for crop research and
investigation of root performance, although imaging large samples such as cereal
roots can be difficult (Ovecka et al., 2018). Wheat DII-VENUS was found to have
strong signal in root cap and epidermis indicating low levels of auxin in these root
tissues and auxin application reduced DII-VENUS expression consistent with
Arabidopsis DII-VENUS (Fig. 3.16), showing the functionality of the reporter
(Brunoud et al., 2012). However, imaging DII-VENUS fluorescence in the wheat
seminal root centre tissues was challenging. This was due to the thickness of the
seminal root tissue, although Ilimited DII-VENUS expression may be a
contributing factor. The same low fluorescence pattern in the root centre was

seen in DII-VENUS and mDII-VENUS wheat lines which rules out the presence
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of auxin degrading the DII-VENUS signal in the root centre. Brunoud et al. (2012)
suggested that DII-VENUS fluorescence may be impacted in the root epidermis
and cortex due to higher activity of the 35S promoter. Lower TIR1/AFB co-
receptor expression in the root cap may also cause lower auxin sensitivity and
resulting in auxin level underestimation (Brunoud et al., 2012). If these
complications also occur in wheat, then this could be one explanation for the high
wheat DII-VENUS epidermis and root cap fluorescence. Analysis of maize
ubiquitin-1 promoter expression and auxin co-receptor activity in wheat could

provide a solution.

A previous study using a DII-VENUS auxin reporter in rice successfully showed
lateral root emergence and root tip DII-VENUS signal in outer cell layers, although
there was limited signal in the quiescent centre or root vasculature and the
reporter was described not to work well in specific root tissues (Yang et al., 2017).
Imaging of rice root centres could be achieved with longitudinal sectioning (Yang
et al., 2017), which may be a solution to wheat DII-VENUS root imaging although
this would not allow for live imaging of auxin distribution. Two-photon or
multiphoton microscopy allows deep live tissue imaging at greater depths than
can be achieved with confocal microscopy and can be used with ClearSee
clearing treatment as was trialled in this work (Kurihara et al., 2015, Mizuta,
2021).

Two-photon microscopy could be an important technique to improve wheat DII-
VENUS imaging. DII-VENUS expression may be improved by using an
alternative promoter as the maize ubiquitin-1 promoter may have limited
expression in root tissues; or by replacing the domain Il fragment with a species-
specific DIl (Yang et al., 2017). The maize ubiquitin-1 promoter has been shown
with GUS fusion to have strong constitutive expression in young rice roots and
rice lateral roots, but expression did decrease with root age (Cornejo et al., 1993).
3-day old wheat DII-VENUS roots were imaged for the experiments in this work,
so theoretically there should have been high DII-VENUS expression levels.
However, variability in maize ubiquitin expression between transformed wheat
lines has been reported (Rooke et al., 2000), so future wheat auxin reporters

could investigate promoter options for optimal constitutive root expression.
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Future research into wheat auxin signalling and root gravitropism could involve
crossing wheat DII-VENUS with wheat gravitropism mutants such as the wheat
lines with gSOR 1 mutations generated in this work, or the EGT71 and EGT2 wheat
root angle mutants (Kirschner et al., 2021, Fusi et al., 2022). This experiment
could show any involvement of these wheat genes in auxin localisation as
crossing an Arabidopsis lazy4 (dro1) mutant with DII-VENUS resulted in
impairment of polar auxin gradient formation following gravistimulation (Waite et
al., 2020). A next step could be to generate R2D2 (ratiometric version of 2 D2s)
in wheat which would improve quantitative analysis of auxin distribution. R2D2
consists of DII-VENUS and mbDIl-ntdTomato fused together to allow direct
comparison of DIl and mDII signal in the same plant (Liao et al., 2015). Creating
a wheat DR5v2 reporter would enable the detection of auxin response and
maxima sites, and DR5v2 and R2D2 have even been combined into a single
auxin reporter for visualisation of auxin input and output in Arabidopsis (Liao et
al., 2015).

6.4 The wheat LAZY gene family

The LAZY genes in wheat have previously been identified though comparison
with rice LAZY gene sequences but not fully characterised (Li et al., 2007, Kitomi
et al., 2020). Investigation of the wheat LAZY genes in this work has helped
further wheat LAZY research, and this identification was consistent with the
recently published wheat IGT family which included the wheat LAZY and TAC1
genes (Rasool et al., 2023). Similarities between Arabidopsis and wheat LAZY
expression patterns were discovered in this work with TaDRO1 and TagSOR1
homoeologs expressed in both root and shoot tissues similar to A{LAZY2 and
AtLAZY4 (Fig. 4.4). Rasool et al. (2023) reported varying LAZY expression
patterns in root and shoot tissues under drought conditions which did not match
the results in this study. One explanation for this inconsistency may be genetic
differences between wheat cv. Fielder and the wheat cultivars used by Rasool et
al. (2023). Analysis of crown root LAZY family expression in wheat would be an
important further experiment to perform as crown roots are a large component of

cereal root systems (Hochholdinger et al., 2004).

Wheat LAZY1 homoeologs were shoot expressed (Fig. 4.4), which matched the
Arabidopsis LAZY1 predominantly shoot-specific functions and lack of root
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statocyte expression (Taniguchi et al., 2017). An important area of further
research for wheat gravitropism would be the functions of wheat LAZY71. BREVIS
RADIX (BRX) genes have been demonstrated to regulate tiller angle and shoot
gravitropism in rice by interacting with LAZY1 at the plasma membrane to
facilitate nuclear localisation (Li et al., 2019). BRX-LAZY1 interaction at the
plasma membrane also controls shoot gravitropism in Arabidopsis with BRXL4
(BRX-LIKE 4) found to negatively regulate LAZY1 function and promote nuclear
accumulation (Che et al., 2023). Studying the interaction of the recently identified
wheat BRXL genes (Tiwari et al., 2023) with the TaLAZY1 homoeologs could lead

to new discoveries in wheat gravitropism.

Extended domain Il (D3X) was first characterised due to the Arabidopsis lazy4D
steeper lateral root angle mutant with a dominant gain-of-function point mutation
in AtLAZY4 D3X (Binns, 2022). This work was the first report of the presence of
D3X in the three wheat gSOR71 homoeologs, however, introducing the lazy4D
mutation into wheat by expressing a mutated gSOR7-D construct did not result
in a steeper lateral root phenotype, although a high overexpression line had a
more vertical seminal root phenotype (Figs. 4.6, 4.8). This was an intriguing
finding as D3X is known to be important for lateral root growth angle control in
Arabidopsis (Binns, 2022), and the wheat gSOR7 homoeologs are expressed in
lateral root tips. It is possible that higher levels of mutated D3X LAZY protein are
required for a steeper root angle phenotype in wheat due to the presence of
wildtype homoeologs in the transformed wheat background. This hypothesis
could be investigated with genome editing of the wheat gSOR7 homoeologs to

introduce the lazy4D mutation.

The identification of wheat TILLING lines with D3X mutations discovered
Cadenza1761 (Tagsor1-B R132W); a line with a steeper seminal root phenotype
but no angle effect in lateral roots (Fig. 5.3). TILLING lines are important genetic
resources in wheat research; however, they have limitations due to the high
number of mutations present in each line with an average of 5,351 mutations in
the Cadenza TILLING population lines (Krasileva et al., 2017). The presence of
background mutations is the greatest disadvantage of TILLING populations due
to the potential for multiple phenotypic effects (Szurman-Zubrzycka et al., 2023).
Recent publications showing that Cadenza1761 contains a HB-A2 (HOMEOBOX
DOMAIN) mutation which can cause shoot phenotypes (Dixon et al., 2022, Jiang
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et al., 2023). This demonstrates that TILLING phenotypes cannot be definitively
assigned to one mutation out of the many mutations present in the background
of a line. Two generations of Cadenza1761 backcrossing to allow analysis of the
Cadenza1761 R132W SNP in equivalent backgrounds (R7132W or R132) saw
maintenance of the seminal angle phenotype in plants containing the
Cadenza1761 SNP (Fig. 5.9). It was unclear whether this steeper phenotype was
present in mature compost grown root systems, partly due to the difficultly in
performing root angle analyses with soil-based methods (Fig. 5.10). Specific root
growth angle analysis of crown roots and soil phenotyping methods including X-
ray CT imaging and field trials would help determine the mature root system

phenotype of the backcrossed Tagsor7-B (R132W) lines.

The lazy4D D3X mutation is known to be dominant in Arabidopsis but analysis of
the heterozygous R132W*- lines suggested that the mutation is semi-dominant
in wheat, although there may be added complexity due to the hexaploid nature of
wheat. There were no gSOR1 D3X mutations identified in the A or D homoeologs
so generating lines with mutations in D3X of these homoeologs could allow any
additional functions of these homoeologs in root angle maintenance to be seen.
The Cadenza1761 D3X mutation did induce a more vertical lateral root phenotype
when transformed into Arabidopsis (Fig. 5.5), which supports the hypothesis that
the Cadenza1761 D3X SNP could affect root growth angle control and that this
SNP is the causal mutation of the steeper seminal root phenotype. Additionally,
this experiment showed that another residue in Arabidopsis D3X is crucial for
lateral root growth angle control. The lazy4D D3X mutation was hypothesised to
increase LAZY stability or affinity to statoliths in lateral root gravitropism (Binns,
2022), and this work showed that the adjacent arginine residue to the D3X lazy4D

site could also be involved.
6.5 Questions arising from this work

6.5.1 What are the roles of the wheat gSOR7 homoeologs?

The differences in wheat seminal and lateral root phenotypes in plants containing
gSOR1 D3X mutations via transformation or from a TILLING background (Figs.
4.8, 5.9), raises the possibility that wheat lateral and seminal roots are regulated
by different control mechanisms. Due to the lack of lateral root angle phenotype

seen in gsor1 transformed or TILLING lines, it could be hypothesised that the
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gSOR1 homoeologs do not have roles in lateral root angle regulation. This is
despite the finding that gSOR7 homoeologs are expressed in lateral root tips, as
root tip columella cells are known to be the site of gravity sensing and angle
control regulation. Alternatively, the level of gsor1 R132W expression may not be
high enough to induce a steeper lateral root phenotype. Quantitative gene
expression analysis of the gSOR7 homoeologs in these mutated or transformed
lines would show whether the mutations were causing differences in gene
expression or the level of transformed construct expression. The wheat
transformation experiments were performed using the A and D qSORT?
homoeologs and Cadenza1761 qSOR1 mutation is situated in the B homoeolog,
so it is possible that none of the three gSOR7 homoeologs function in lateral root
growth angle control. There is potential that the wildtype gSOR7 homoeolog
expression in the transformed or TILLING wheat lines would mask the effect of
the lazy4D mutation as there is known to be a masking effect of redundant

homoeologs in single genome knockouts (Krasileva et al., 2017).

The presence of multiple genome copies in hexaploid wheat is a limitation of
expressing mutated constructs in a wildtype background, and a solution could be
expressing the gSOR1 D3X mutation in a gsor? knock out background. The
investigation of D3X in wheat was focussed on in this work to understand the role
of D3X in root growth angle control, but generation of a gsor1 triple knock out line
would be an important next step to understand any masked effects of gSOR1.
Expression of fluorescent protein-tagged LAZYs has been performed in
Arabidopsis and would allow visualisation of wheat LAZY protein localisation
(Chen et al., 2023). Additionally, generating wheat lines with mutations in the
other LAZY domains of gSOR1 would show whether a different domain regulates
root growth angle control such as domain V as has been suggested in rice (Kitomi
et al., 2020). Recent discoveries are improving crop transformation efficiencies
such as expression of GRF4-GIF1 (GROWTH REGULATION FACTOR 4 — GRF-
INTERACTING FACTOR 1) found to enhance transformation in cereal species,
although the process is still more involved with a longer timeframe than
Arabidopsis (Debernardi et al., 2020, Chen et al., 2022b). Performing additional
transformation experiments and use of genome editing will help to further
research into functions of wheat gSOR7 genes and the LAZY family in root growth

angle control and gravitropism.
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6.5.2 How is root growth angle controlled in the root types of wheat?

The results of this work suggest that wheat gSOR7 and extended domain |lI
function in seminal root angle control due to the steeper seminal root phenotype
seen in wheat lines with gSOR7 D3X mutations due to transformation or a
TILLING background (Figs. 4.8, 5.9). The lateral root growth angle analysis of
these lines revealed that the gSOR1 R132W mutation did not impact lateral root
growth angle control in wheat. This could be due to the absence of D3X
involvement, unlike in Arabidopsis, or increased R7132W expression might be
required to induce a steeper lateral phenotype. Further analysis of crown root
growth angle control in wheat would need to be performed to be able to draw any
conclusions on LAZY regulation of crown roots. These findings lead onto the
question of which wheat genes do function in lateral angle regulation. The
TaDRO1 homoeologs were originally discounted as they do not contain a well
conserved D3X, however, there is a possibility that this domain is not required for
angle control in wheat and so the DRO7 genes could be candidates for lateral
root angle regulation. These wheat DRO7 homoeologs were originally designated
as TaANDRO1-like, TaBNDRO1-like and TaDNDRO1-like (Ashraf et al., 2019)
and were later renamed to TaDRO1 (Kitomi et al., 2020). Characterization of
these genes has included identification of AuxRE motifs in the promoter
sequences and Domain V shown to interact with the TOPLESS auxin co-

repressor (Ashraf et al., 2019).

Wheat DRO1 functions in root growth angle control have not been investigated,
however, evidence that TaDRO1 is likely to be involved in root angle regulation
includes the fact that rice DRO1 overexpression causes a steeper root system
phenotype even though D3X is not conserved in OsDRO1 (Uga et al., 2013).
Additionally, increased expression of DRO1 orthologs in Triticum turgidum has
been found to correlate with a steeper seedling root angle (Loarce et al., 2022).
Alternatively, a different LAZY domain such as Domain V in the gSOR1 or DRO1
homoeologs may work in wheat to regulate root growth angle. This shows there
are likely to be differences in gene function and root growth angle regulation
between Arabidopsis and cereal species. In rice, it has been shown that gSOR1
and DRO1 independently control root growth angle and have different roles in
root gravitropism, so it is important to understand the functions of each LAZY
family gene (Kitomi et al., 2020). Investigation of the angle phenotypes of lateral,
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seminal and crown roots in complete dro1 and gsor? mutants would give clarity
to the functions of these homoeologs in wheat root growth angle control and

gravitropism.

6.5.3 What is the potential of the LAZY gene family in crop breeding?

Multiple genes are suggested to be involved in the genetic variation of root growth
angle (Kitomi et al., 2020) and some genes can control the root angle of several
root classes, such as the EGT1 and EGT2 genes which control root growth angle
in both seminal and lateral roots of barley and durum wheat (Kirschner et al.,
2021, Fusi et al., 2022). Genes such as wheat gSOR17 have great potential as
breeding targets, as LAZY mutations can be dominant and LAZY expression is
often restricted to gravity sensing cells and not expressed ubiquitously. Further
work will be important to understand whether mutating other amino acid residues
within the D3X domain can alter root growth angle for modification of root system
architecture. Wheat gSOR1 variants could be deployed in combination with other
genes such as the EGT genes, as OsDRO1 and OsqSOR1 have been shown to
do in rice (Kitomi et al., 2020). Barley EGT2 was found to regulate genes in the
root elongation zone suggesting that EGT2 is involved in regulation of root
gravitropic bending and acts in the gravitropic pathway after gravity perception
(Guo et al., 2023). Genes differentially expressed in the egt2 barley mutant
following gravistimulation included downregulation of the A{LAZY2 and A{LAZY4
barley orthologs in root cap cells indicating that EGT and LAZY genes may
interact (Guo et al., 2023).

LAZY family genes are proposed to be attractive targets for root architecture
optimisation to enable plants to avoid stresses such as drought, salt and flooding
(Kitomi et al., 2020). The findings of this work in relation to wheat LAZY functions
in root growth angle regulation show there is potential for these genes to be used
in wheat breeding. It is important to perform wheat LAZY research so the LAZY
discoveries in other species such as the rice DRO1 and gSOR1 phenotypes can
be trialled in wheat for crop improvement, although it will be crucial to determine
that discoveries can be translated between species. The best approach for future
wheat LAZY gene functional root angle studies may be utilising the
complementary approaches of TILLING and gene editing (Szurman-Zubrzycka

et al., 2023). An important consideration for crop studies is to ensure phenotypes
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are tested in multisite, multiyear field trials with correct planting density and yield
analysis (Khaipho-Burch et al., 2023). Interdisciplinary strategies between
research and crop breeding are thought to optimise crop research for the needs
of plant breeders to produce new cultivars for improved, more resilient crop
production (Kusmec et al., 2021). Additionally, incorporating the perspectives and
needs of the end users into developing new varieties is important for the
generation of adapted varieties suitable for the local environmental conditions
and climate challenges (Morris and Bellon, 2004, Colley et al., 2021). These
considerations should be implemented if wheat LAZY mutant varieties are
incorporated into breeding programmes to ensure any root system architecture

modifications are truly beneficial for improving crop yields.

6.6 Conclusions

Resilient root system architecture capable of accessing topsoil and deep soil
resources is projected to combat the challenges facing global agriculture (Lynch,
2022). Different root ideotypes will be optimal for different environmental
conditions and high or low input systems, with steeper and deeper rooting
advantageous for water and nitrogen uptake, carbon sequestration and drought
avoidance (Lynch, 2013, Lynch, 2022). The cereal lateral root gravitropic setpoint
angle work has provided new insights into cereal root gravitropism and
highlighted the species-specific differences in root growth angle regulatory
mechanisms between Arabidopsis and cereals. The investigation of the wheat
LAZY family in this project has started to explore the functional significance of
LAZY genes in wheat, with comparison to Arabidopsis, rice and other crop
species (Jiao et al., 2021). This work has raised many further questions such as
understanding the differences in gravitropic setpoint angle maintenance between

wheat and rice or the root specific functions of wheat LAZY genes.

Overall, this work has documented the creation of the first wheat DII-VENUS
auxin reporter and discovered that wheat and rice lateral roots can maintain
gravitropic setpoint angles. The investigation into the roles of gravitropism and
the LAZY genes in shaping cereal root system architecture have provided a basis
for wheat gSOR1 research and improved the understanding of cereal root system

architecture for future crop development.
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Appendix 1: Example of KASP assay results.

3100 3150

Two examples of kompetitive allele specific PCR (KASP) assay results obtained with
PACE Genotyping Master Mix for allele-specific PCR. The assay was used with wheat
leaf genomic DNA and should distinguish between the TagSOR1-B R132, R132W and
heterozygous R132W" genotypes. The samples did not cluster into separate genotypes,
so this method was replaced with restriction digest and Sanger sequencing to determine

sample genotypes.
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Appendix 2: Phylogenetic tree of Arabidopsis, rice and wheat LAZY genes.

Gene IDs and sequences obtained from EnsemblPlants. Arabidopsis = Arabidopsis
thaliana ‘Col-0’, Rice = Oryza sativa ssp. Japonica ‘Nipponbare’, Wheat = Triticum
aestivum ‘Chinese Spring’. “Un” = unknown chromosome, diagram created with Clustal
Omega Multiple Sequence Alignment tool.
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